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Abstract

Lipids are the main structural component of biological membranes and are important in
complex biochemical processes including cellular signalling. Using electrospray
ionisation-tandem mass spectrometry (ESI-MS/MS), information regarding fatty acid
chain length and degree of unsaturation can be gained for complex lipids. Determining
double bond position, however, remains challenging.

To address the limitations of collision-induced dissociation (CID) for structural
characterisation, the use of ozonolysis chemistry in conjunction with mass spectrometry
was explored. Initial experiments concentrated on performing ozonolysis within the
electrospray source of conventional mass spectrometers; referred to here as ozone
electrospray ionisation-mass spectrometry (OzESI-MS). In OzESI-MS experiments, two
ozonolysis product ions, assigned as an aldehyde and α-methoxyhydroperoxide, are
observed from the cleavage of lipid carbon-carbon double bonds. Importantly, the massto-charge ratio of the two ozonolysis product ions allows the unambiguous assignment
of double bond position. OzESI-MS was successfully applied to a wide range of lipid
standards including glycerophospholipids, sphingomyelins and triacylglycerols,
demonstrating the wide utility of OzESI-MS for determining double bond position.
While OzESI-MS provides clear information on double bond position for pure, isolated
lipids, determining double bond position for lipids present in complex mixtures is
difficult and, in many cases, unambiguous assignment of double bond position is not
possible. This presents a major limitation to the OzESI-MS technique.

xviii

To overcome the problems associated with in-source ozonolysis, instrument
modifications were made to a linear ion-trap mass spectrometer in order to allow
ozonolysis to be performed on mass-selected lipid ions within the ion trap. Ozonolysis
at the site of carbon-carbon double bonds resulted in the formation of two primary
ozonolysis product ions, namely an aldehyde and a so-called Criegee ion. This method,
referred to as ozone-induced dissociation (OzID), was applied to a wide range of lipid
ions including; the deprotonated ions of the acidic phospholipid classes; protonated,
lithiated and sodiated ions of phosphatidylcholine (PC) lipids; and sodium adducts of
triacylglycerols. As expected, the observed ozonolysis product ions allow the
unambiguous assignment of double bond position in all cases. Furthermore, in a
significant advancement over OzESI-MS, OzID was successfully applied to lipids from
a range of complex biological mixtures.

OzID was also used in conjunction with CID in the MS3 method referred to as CIDOzID. This approach was used to assign double bond position in both the ester and
ether-linked chains of an unsaturated ether phosphatidylethanolamine. Moreover, it was
found that the [M+Na-183]+ CID product ion from sodiated PC lipids was highly
reactive towards ozone. Interestingly, the observed ozonolysis product ions provide
further evidence in support of the substitution mechanism proposed by Hsu and Turk for
the formation of this ion. In addition, CID-OzID of the sn-positional isomers,
PC(16:0/9Z-18:0) and PC(9Z-18:1/16:0), revealed striking differences in product ion
distributions that may be used to determine fatty acid sn-position.
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Chapter 1 Lipids

1.1 Lipid structure, function and nomenclature

Lipids are defined as biological molecules which are soluble in organic solvents [1].
Classifying molecules purely on the basis of solubility, however, has several major
flaws. For example, hydrophobic proteins may be soluble in organic solvents but clearly
should not be considered as lipids. Conversely, certain lipids, such as glycosylated and
oxidised lipids, are relatively insoluble in organic solvents but are still considered as
lipids. Due to the ambiguities in this definition, several other alternative definitions have
been proposed. For example, Christie, a world authority on lipid analysis and author of
numerous books [2-4] and the online lipid library [5], defines lipids as “fatty acids and
their derivatives, and substances related biosynthetically or functionally to these
compounds [2, 6].” Similarly, Fahy et al. define lipids as “hydrophobic or amphipathic
small molecules that may originate entirely or in part by carbanion-based condensations
of thioesters (fatty acids, polyketides, etc.) and/or by carbocation-based condensations
of isoprene units (prenols, sterols, etc.) [7].” Regardless of definition, the term lipid
encompasses an extremely diverse range of molecular structures ranging from simple
fatty acids to complex lipids of over 1500 Da consisting of multiple sugar groups and
branched hydrocarbon chains [7]. Lipids are found in every living organism including
single-celled bacteria and protozoa. They are the main structural component of
biological membranes and are important in energy storage. In addition, lipids also
participate in more complex biochemical processes including cellular signalling in
synapses and platelet aggregation [8]. Despite their large structural diversity, lipids may
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be divided into eight categories; fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, prenol lipids, saccharolipids and polyketides [7, 9]. This
chapter will focus on fatty acids (a class of fatty acyl), glycerolipids,
glycerophospholipids, sphingolipids and sterol lipids. Much of the structural variation
within lipids occurs from differences in the acyl chains and therefore in this thesis more
attention will be paid to the structure of fatty acids.

1.1.1 Fatty acids

Fatty acids are the simplest lipids and are essentially long-chain carboxylic acids with
varying chain lengths, degrees of unsaturation and double bond stereochemistries. Fatty
acids serve as building blocks for other lipid classes [1]. As such, fatty acids are
arguably the most important of all lipid classes. Fatty acids may be saturated,
monounsaturated or polyunsaturated. Shown in Figure 1.1 are the structures of palmitic,
oleic and linoleic acid which are, respectively, abundant saturated, monounsaturated and
polyunsaturated fatty acids observed in mammalian cells and tissues. Within animal
tissues, fatty acids usually contain between 14 - 22 carbons and 0 - 6 double bonds [1, 2,
10-13]. Shorter, longer and more unsaturated fatty acids are known to exist although
they are considerably less common. Much emphasis is placed on fatty acids in nutrition
due to their significance in human health. For example, the consumption of
polyunsaturated fatty acids from fish oils is associated with positive heath effects such
as reducing the risk of cardiovascular disease [14]. Conversely, recent research suggests
that trans fatty acids may have adverse health effects [15] leading to legislation banning
industrially-produced trans fatty acids in Denmark [16].
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(a) O
HO

(b) O
HO

(c) O
HO

Figure 1.1 The structure of a) palmitic acid, 16:0, b) oleic acid, 9Z-18:1, and c) linoleic acid,
9Z,12Z-18:2. These three fatty acids are common saturated, monounsaturated and
polyunsaturated fatty acid acids, respectively.

1.1.1.1 Saturated fatty acids

Saturated fatty acids are almost exclusively straight chained and exist with chain lengths
from 2 to more than 30 carbon atoms [1]. Most saturated fatty acids have an even
number of carbons, however, odd-numbered carbon chains are also commonly
encountered, typically as minor components [17, 18]. Of these saturated fatty acids, 16
and 18 carbon chains are common in mammalian cells and tissues [19]. These are
known by their common names palmitic and stearic acid and their shorthand
designations of 16:0 and 18:0, respectively; where the 16 and 18 refer to the number of
carbon atoms and the 0 refers to the number of double bonds. The structures of palmitic
and stearic acid are shown in Figure 1.1(a) and Figure 1.2 and a list of commonlyoccurring saturated fatty acids is also provided in Table 1.1. Within animals, saturated
fatty acids are either acquired from the diet or produced from de novo biosynthesis (see
Section 1.1.1.7) [1]. In addition to de novo synthesis, saturated fatty acids may be
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produced from the hydrogenation of mono- and polyunsaturated fatty acids by microorganisms of ruminant animals such as cows and sheep [20].
O
HO

Figure 1.2 The structure of stearic acid, 18:0; a common saturated fatty acids found in animal
tissues.

Table 1.1 Common naturally-occurring, straight-chained saturated fatty acids (adapted from
reference [1]).

No.

of

carbon Systematic name

Common name

Shorthand

atoms
10

n-decanoic

capric

10:0

12

n-dodecanoic

lauric

12:0

14

n-tetradecanoic

myristic

14:0

16

n-hexadecanoic

palmitic

16:0

18

n-octadecanoic

stearic

18:0

20

n-eicosanoic

arachidic

20:0

1.1.1.2 Monounsaturated fatty acids

Monounsaturated fatty acids contain a single carbon-carbon double bond and are
typically found with even chain lengths of between 14 and 24 carbon atoms [1, 19]. The
most abundant monounsaturated fatty acids, however, contain 16 or 18 carbon atoms
[19]. The carbon-carbon double bond may be in either cis or trans geometry with the cis
geometry being more common in nature [20]. Double bonds are usually found within
defined locations on the carbon chain due to specific desaturase and elongase enzymes
25

responsible for their biosynthesis. The double bond location is often denoted using the
‘n-x’ designation; where n is the number of carbons in the chain, x is the location of the
double bond from methyl end of fatty acid and ‘-’ is a minus sign. Similarly, the double
bond position can be directly located with respect to the carboxylic acid group, as in the
systematic naming, using the ‘’ designation. The most abundant naturally occurring
monounsaturated fatty acid in animal tissues is oleic acid [19] which has 18 carbons and
a single cis double bond in the 9 (n-9) position. The shorthand designation for oleic
acid is 9Z-18:1 (where the 9Z refers to the cis geometry and position of the double bond
with respect to the carboxylic acid group and 18:1 refers to the total number of carbons
and one carbon-carbon double bond) or 18:1 n-9. Isomers of oleic acid, however, are
often present including petroselinic and cis-vaccenic acid where a cis double bond is
found at the 6 (n-12) and 11 (n-7) positions, respectively. Geometric isomers of oleic
and cis-vaccenic acid with the trans double bond configuration are also naturally
occurring and are known by their common names elaidic and trans-vaccenic acid,
respectively (Figure 1.3). Smaller amounts of other isomeric 18:1 fatty acids have been
identified differing in double bond position and geometry. In fact, twenty isomeric 18:1
fatty acids have been characterised in cow’s milk and adipose tissue [21]. This includes
nine cis positional isomers and eleven trans positional isomers. Similarly, thirteen
isomers of 18:1 have been identified in Canadian beaver adipose tissue [22]. A table of
common, naturally-occurring monounsaturated fatty acids is provided in Table 1.2.
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Figure 1.3 The structures of commonly-occurring 18:1 isomers. These are a) oleic acid, 9Z18:1, b) cis-vaccenic acid, 11Z-18:1, c) petroselenic acid, 6Z-18:1, d) elaidic acid, 9E-18:1, and
e) trans-vaccenic acid, 11E-18:1.

Table 1.2 Commonly-occurring monounsaturated fatty acid (adapted from reference [1]). Note
that the majority of these common monounsaturated fatty acids are n-9 and n-7 fatty acids.
No. of Double

Double

carbon bond

bond

atoms

geometry

position

Systematic name

Common name

Shorthand

16

7/n-9

cis

7Z-hexadecenoic

-

16:1 n-9

16

9/n-7

cis

9Z-hexadecenoic

palmitoleic

16:1 n-7

18

6/n-12

cis

6Z-octadecenoic

petroselinic

18:1 n-12

18

9/n-9

cis

9Z-octadecenoic

oleic

18:1 n-9

18

9/n-9

trans

9E-octadecenoic

elaidic

18:1 n-9

18

11/n-7

cis

11Z-octadecenoic

cis-vaccenic

18:1 n-7

18

11/n-7

trans

11E-octadecenoic

trans-vaccenic

18:1 n-7

20

11/n-9

cis

11Z-eicosenoic

gondoic

20:1 n-9
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Monounsaturated fatty acids may be acquired from the diet or produced by de novo
synthesis (see Section 1.1.1.7). In addition to de novo synthesis, monounsaturated fatty
acids may be produced from the biohydrogenation of polyunsaturated fatty acids by
rumen micro-organisms [23]. These include several trans monounsaturated fatty acids
with the most abundant being trans-vaccenic acid [24]. The industrial hydrogenation of
vegetables oils is major dietary source of unusual fatty acids including a large
proportion of trans fatty acids [23]. Industrial hydrogenation of vegetable oils involves
a reaction using hydrogen in the presence of a metal catalyst to decrease the degree of
unsaturation of the vegetable oil. This improves oxidative stability and increases the
hardness of the oil [25]. During hydrogenation, however, cis double bonds may
isomerise to the trans geometry and double bond migration may occur [23]. This results
in the formation of a wide range of isomeric trans octadecenoic fatty acids with 9E-18:1
(elaidic acid) and 10E-18:1 being the most abundant in partially-hydrogenated soybean
and rapeseed oil [26]. A Gaussian distribution of trans octadecenoic fatty acid isomers
centred on either the 9 or 10 position is typically observed such that the abundances
of 7E-18:1, 8E-18:1, 11E-18:1, 12E-18:1 and 13E-18:1 isomers are also high [23, 26].
The consumption of these fatty acids is believed to have adverse health effects [27, 28]
including an increased risk of cardiovascular disease [15, 29].
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1.1.1.3 Polyunsaturated fatty acids

Polyunsaturated fatty acids are fatty acids with more than one carbon-carbon double
bond and typically have between 18 and 22 carbons and up to 6 double bonds [1, 19].
Double bonds within the carbon chain are usually methylene interrupted, however, fatty
acids containing conjugated double bonds are also known to exist such as in the
conjugated linoleic acid isomers [30, 31]. Moreover, polyunsaturated fatty acids with
several methylene groups separating carbon-carbon double bonds have been identified
in sources including marine bacteria [32], limpet gonads [33] and conifer seed oils [34].
Within methylene-interrupted polyunsaturated fatty acids the first double bond from the
methyl end is usually in the n-3 or n-6 position. There are also n-9 methyleneinterrupted polyunsaturated fatty acids such as Mead’s acid (20:3 n-9). The structures of
several, common di-, tri-, tetra-, penta- and hexaenoic fatty acids are shown in Figure
1.4. A list of common polyunsaturated fatty acids is also provided in Table 1.3. A
particularly pertinent point in relation to this thesis is that several of these common
methylene-interrupted polyunsaturated fatty acids are isomeric differing only in the
positioning of double bonds, these are; 18:3 n-3 and 18:3 n-6; 20:3 n-3, 20:3 n-6 and
20:3 n-9; and 22:5 n-3 and 22:5 n-6 (see Section 1.1.1.6 for more information on
nomenclature).
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(a) O
HO

(b) O
HO

(c) O
HO

(d) O
HO

(e) O
HO

Figure 1.4 The structures of several, common di-, tri-, tetra-, penta- and hexaenoic fatty acids.
These are a) linoleic acid, 9Z,12Z-18:2, b) α-linolenic acid, 9Z,12Z,15Z-18:3, c) arachidonic
acid, 5Z,8Z,11Z,14Z-20:4, d) 5Z,8Z,11Z,14Z,17Z-eicosapentaenoic acid (EPA), 5Z,8Z,11Z,14Z20:4, and e) 4Z,7Z,10Z,13Z,16Z,19Z-docosahexaenoic acid (DHA), 4Z,7Z,10Z,13Z,16Z,19Z22:6. Note these common polyunsaturated fatty acids all contain methylene-interrupted cis
double bonds and the terminal double bonds are in either the n-3 or n-6 position.

Table 1.3 Common, naturally-occurring polyunsaturated fatty acids. Several of these fatty acids
are isomeric differing only in double bond position.
No. of

No. of

carbons

double bonds

18

2

18

Class

Systematic name

Common name

Shorthand

n-6

9Z,12Z-octadecadienoic

linoleic

18:2 n-6

3

n-6

6Z,9Z,12Z-octadecatrienoic

γ-linolenic

18:3 n-6

18

3

n-3

9Z,12Z, 15Z-octadecatrienoic

α-linolenic

18:3 n-3

20

3

n-3

11Z,14Z,17Z-eicosatrienoic

-

20:3 n-3

20

3

n-6

8Z,11Z,14Z-eicosatrienoic

dihomo-γ-linolenic

20:3 n-6

20

3

n-9

5Z,8Z,11Z-eicosatrienoic

Mead’s

20:3 n-9

20

4

n-6

5Z,8Z,11Z,14Z-eicosatetraenoic

AA, arachidonic

20:4 n-6

20

5

n-3

5Z,8Z,11Z,14Z,17Z-

EPA, timnodonic

20:5 n-3

DPA, clupanodonic

22:5 n-3

eicosapentaenoic
22

5

n-3

7Z,10Z,13Z,16Z,19Zdocosapentaenoic
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22

5

n-6

4Z,7Z,10Z,13Z,16Z-

Osbond

22:5 n-6

DHA, cervonic

22:6 n-3

docosapentaenoic
22

6

n-3

4Z,7Z,10Z,13Z,16Z,19Zdocosahexaenoic

Long-chain polyunsaturated acids, in particular arachidonic acid (AA), eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), are of major importance and are essential
for many biological functions. Of particular importance is the formation of oxygenated
derivatives, known as eicosanoids and docosanoids, which exert potent physiological
effects [35-37].

While methylene-interrupted polyunsaturated fatty acids are the most abundant, fatty
acids with conjugated double bonds are also naturally occurring. The most well known
of these are isomers of linoleic acid with two double bonds in conjugation collectively
known as conjugated linoleic acid (CLA) (Figure 1.5). These conjugated fatty acids are
formed by rumen micro-organisms and are therefore found in cow’s milk and meat [31].
There is currently a great deal of interest in CLA as many health benefits have been
attributed to the consumption of CLA [31, 38]. The most abundant naturally occurring
isomer of CLA is 9Z,11E-18:2 while significant quantities of 10E,12Z-18:2 are found in
commercial CLA produced by alkaline isomerisation of vegetable oils rich in linoleic
acid. In addition, other CLA isomers have been identified including 8E,10Z-18:2,
11Z,13E-18:2, 10Z,12Z-18:2 and 7E, 9E-18:2 [30].
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(a) O
HO

(b) O
HO

Figure 1.5 The structure of two common isomers of conjugated linoleic acid (CLA), a) 9Z,11E18:2 and b) 10E,12Z-18:2.

Polymethylene-interrupted fatty acids, containing several methylene groups between
two carbon-carbon double bonds, have been identified from a variety of sources
including cold-seep mussels [39], limpet gonads [33], gonads of tropical rays [40] and
conifer seed oils [34]. For example, the polymethylene-interrupted fatty acids 5Z,9Zoctadecadienoic acid, 5Z,9Z,12Z-octadecatrienoic acid, 5Z,11Z-eicosadienoic acid and
5Z,11Z,14Z-eicosatrienoic acid have been identified in conifer seed oil (Figure 1.6).
Interestingly, all of these fatty acids have a double bond in the 5 position.
(a) O
HO

(b) O
HO

(c) O
HO

(d) O
HO

Figure 1.6 The structures of several polyunsaturated fatty acids containing polymethyleneinterrupted double bonds found in conifer seed oils [34]. These are a) 5Z,9Z-octadecadienoic
acid, 5Z,9Z-18:2, b) 5Z,9Z,12Z-octadecatrienoic acid, 5Z,9Z,12Z-18:3, c) 5Z,11Z-eicosadienoic
acid, 5Z,11Z-20:2, and d) 5Z,11Z,14Z-eicosatrienoic acid, 5Z,11Z,14Z-20:3.
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1.1.1.4 Other unusual fatty acid structures

More complex fatty acids also exist including methyl-branched, methylene-branched,
cyclic, hydroxy and furan fatty acids. Within animals and plants, such complex fatty
acids are usually of low abundance, however, certain plant oils may have a high
percentage of such fatty acids, e.g., castor oil (see 12-hydroxy-9Z-octadecenoic acid
below). In addition, branched fatty acids are common in human skin [41, 42], vernix
caseosa [42, 43], the newborn gastrointestinal track [43] and lanolin [44]. For example,
branched fatty acids make up approximately 12% of the vernix dry weight [43].
Therefore, lipid chemists still need to be mindful of such complex fatty acids when
analysing mammalian tissues.

In bacteria, analysis of the lipid composition has revealed a wide range of complex fatty
acid structures. Shown in Figure 1.7 are representative structures of complex fatty acids
found in several bacterial species and castor oil. These are:
(a) Tuberculostearic acid, a methyl-branched fatty acid found in Mycobacterium
tuberculosis [45] as well as other bacterial species such as Corynebacterium
amycolatum and Corynebacterium urealyticum [46]. Interestingly, tuberculostearic acid
has been identified in the serum of patients with tuberculosis [47] and thus may be used
as a diagnostic marker for the disease.
(b) 10-Methyleneoctadecanoic acid, a methylene-branched fatty acid that has been
observed in phospholipids of Corynebacterium amycolatum and Corynebacterium
urealyticum [46]. This fatty acid is structurally related to tuberculostearic acid having a
10-methylene group in place of the 10-methyl group of tuberculostearic acid.
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(c) cis-11,12-Methyleneoctadecanoic acid, a cyclopropane fatty acid found in a range of
bacteria including Salmonella enterica serovar Typhimurium [48]. A range of other
cyclopropane fatty acids have also been identified within Salmonella enterica serovar
Typhimurium [48].
(d) 12-Hydroxy-9Z-octadecenoic acid, a hydroxy fatty acid known as ricinoleic acid.
This fatty acid accounts for 90% of the total fatty acid content of castor oil [1, 49] and
has also been identified as a minor component in several common vegetable oils [50].
(e) 10,13-Epoxy-11-methyloctadena-10,12-dieneoic acid, a furan fatty acid which has
been identified in several marine bacteria [51]
(a) O
HO

(b) O
HO

(c) O
HO

(d) O

OH

HO

(e) O
HO

O

Figure 1.7 The structures of a) 10-methyloctadecanoic acid (tuberculostearic acid), b) 10methyleneoctadecanoic acid, c) cis-11,12-methyleneoctadanoic acid, d) 12-hydroxy-9Zoctadecenoic acid (ricinoleic acid) and e) 10,13-epoxy-11-methyloctadeca-10,12-dieneoic acid.
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1.1.1.5 Oxygenated fatty acids: the eicosanoids and docosanoids

Polyunsaturated fatty acids may be converted to oxygenated derivatives with potent
biological activities called eicosanoids and docosanoids. Eicosanoids are formed from
C20 fatty acids including dihomo-γ-linolenic acid, arachidonic acid (AA) and
eicosapentaenoic acid (EPA) [52] whereas docosanoids are formed from the C22 fatty
acid, docosahexaenoic acid (DHA) [53-56]. Several classes of eicosanoids exist
including prostaglandins, leukotrienes, lipoxins (Figure 1.8) [57]. Three main enzymatic
pathways exist for the formation of eicosanoids from polyunsaturated fatty acids, these
involve the use of cyclooxygenases (COXs), lipoxygenases (LOXs) and cytochrome P450 [57]. Eicosanoids derived from arachidonic acid, an n-6 fatty acid, have been
studied extensively and are important in many inflammatory processes [57].
Conversely, eicosanoids derived from EPA, an n-3 fatty acid, have anti-inflammatory
effects [52]. Docosanoids derived from DHA are also formed from cyclooxygenase
(COXs) and lipoxygenase (LOXs) enzymatic pathways [37]. Similar to eicosanoids
derived from EPA, docosanoids also have anti-inflammatory effects [37, 56, 58-60].
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Figure 1.8 a) Prostaglandin E2 (PGE2) - 9-oxo-11R,15S-dihydroxy-5Z,13E-prostadienoic acid,
b) leukotriene B4 (LTB4) - 5S,12R-dihydroxy-6Z,8E,10E,14Z-eicosatetraenoic acid and c)
lipoxin A4 (LXA4) - 5S,6R,15S-trihydroxy-7E,9E,11Z,13E-eicosatetraenoic acid. These are
examples of a prostaglandin, a leukotriene and a lipoxin, respectively. Collectively these are
known as eicosanoids and are derived from the enzymatic conversion of arachidonic acid.

1.1.1.6 Fatty acid nomenclature used in this thesis

As shown in Sections 1.1.1.1 to 1.1.1.4, fatty acids exist in a wide range of structures.
These include simple straight-chained saturated fatty acids to more complicated
structures with multiple double bonds or additional functional groups. Despite this
complexity, the majority of common fatty acids share structural similarities. These
structural similarities may be exploited in the shorthand designations.

In the previous sections, both the systematic naming and shorthand designations of
common fatty acids were introduced. For unsaturated fatty acids it was shown that
double bond positions could be located either from the carboxylic end, as in the
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systematic naming, or the methyl end, as in the ‘n-x’ designation. For polyunsaturated
fatty acids, the ‘n-x’ designation may be used to denote the positions of each double
bond. For example, 22:6 n-3 denotes that the terminal double bond is in the n-3
position. Since all common polyunsaturated fatty acids have methylene-interrupted cis
double bonds, it is assumed that the remaining five double bonds are cis and in the n-6,
n-9, n-12, n-15 and n-18 positions. For most common polyunsaturated fatty acids, the
terminal double bond is in either the n-3 or n-6 position. Therefore, the use of the ‘n-x’
designation to denote the terminal double bond position makes the shorthand of
polyunsaturated fatty acids far simpler since all of the double bond positions do not
have to be specified. In the results presented in this thesis, ozonolysis is used to cleave
carbon-carbon double bonds resulting in neutral losses characteristic of double bond
position. These neutral losses are characteristic of the double bond position with respect
to the methyl terminus. Therefore in this thesis, for nomenclature the ‘n-x’ designation
will be used for common monounsaturated and polyunsaturated fatty acids. For fatty
acids with unusual double bond positions, the double bonds will be located with respect
to carboxylic group along with the stereochemistry.

1.1.1.7 The biosynthesis of saturated, monounsaturated and methyleneinterrupted polyunsaturated fatty acids

Within animals, fatty acids may be produced by de novo biosynthesis or by the
modification of dietary fatty acids. The carbon for de novo fatty acid synthesis usually
comes from carbohydrates, however, amino acids can also be used as a source of
carbon. The group of enzymes responsible for de novo biosynthesis are known as fatty
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acid synthases [1]. In most cases, the end product of animal fatty acid synthase enzymes
is palmitic acid. Palmitic acid may then undergo chain elongation reactions by the
addition of two carbon (2C) units. The chain elongation of palmitic acid by a single 2C
unit results in the formation of stearic acid. The biosynthesis of monounsaturated fatty
acids usually occurs from the oxidative desaturation of a saturated fatty acid using
oxygen and a reduced compound as cofactors [1]. Most desaturase enzymes introduce a
cis double bond at the 9 position of saturated fatty acids. For example, stearic acid is
converted to oleic acid by the action of 9 desaturases [1]. Further chain elongation and
desaturation of oleic acid is possible within animals. Importantly however, animal
desaturases are not able to introduce a double bond between the 9 position and the
methyl terminus. Therefore, the chain elongation and desaturation of oleic acid within
animals only gives rise to other n-9 fatty acids, such as Mead’s acid (20:3 n-9).
Conversely, plant desaturase enzymes are able to introduce cis double bonds at the 12
and 15 positions. The introduction of a cis double bond at the 12 position of oleic
acid results in the formation of linoleic acid, an n-6 fatty acid. A further desaturation
step involving the addition of a cis double bond at the 15 position results in the
production of α-linolenic acid, an n-3 fatty acid (Figure 1.9).

Stearic acid (18:0)

delta-9

18:1 n-9

delta-12

delta-15

Linoleic acid 18:2 (n-6)

Alphalinolenic acid
(18:3 n-3)

Figure 1.9 The biosynthetic pathway for the production of linoleic (18:2 n-6) and α-linolenic
acid (18:3 n-3) within plants from the precursors stearic (18:0) and oleic acid (18:1 n-9). Delta9, delta-12 and delta-15 refer to the site of double bond insertion by desaturase activity.
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For animals, the biosynthesis of n-3 and n-6 polyunsaturated fatty acids requires dietary
sources of these fatty acids. In their absence, oleic acid may undergo further
desaturation and elongation reactions to form Mead’s acid. In fact, elevated levels of
Mead’s acid occurs as a result of essential fatty acid deficiency [61, 62]. Linoleic and αlinolenic acid may undergo chain elongation and desaturation reactions via two separate
biosynthetic pathways: the n-6 and n-3 pathways, respectively. The main product of the
n-6 pathway is arachidonic acid (20:4 n-6) whereas the n-3 pathway results in the
production of EPA (20:5 n-3) and DHA (22:6 n-3) (Figure 1.10). Both of these
pathways utilise 5 and 6 desaturases to introduce cis double bonds between existing
double bonds and the carboxylic acid group. Interestingly, the biosynthesis of DHA
(22:6 n-3) involves the β-oxidation of 24:6 n-3 [63] as animals lack a 4 desaturase to
convert 22:5 n-3 directly to 22:6 n-3.

Isotopic tracer studies have demonstrated that conversion of α-linolenic acid to EPA and
DHA is limited in adult humans. For example, Pawlosky et al. found that only 0.2% of
α-linolenic acid was converted to EPA [64]. Conversely, conversion of 20:5 n-3 to 22:5
n-3 and 22:5 n-3 to 22:6 n-3 was found to be far more efficient at 63 and 37%,
respectively [64]. It can therefore be assumed that the majority of DHA in humans
originates directly from the diet and utilisation of 20:5 n-3 and 22:5 n-3 for DHA
biosynthesis.
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delta-6

Linoleic acid (18:2 n-6)

18:3 n-6

delta-6

Alpha-linolenic acid (18:3 n-3)

18:4 n-3

elo

elo

20:3 (n-6)

20:4 n-3

delta-5

Arachidonic acid
(20:4 n-6)
delta-5

EPA (20:5 n-3)
elo

24:6 n-3

delta-6

24:5 n-3

elo

22:5 n-3

beta-oxidation

DHA 22:6 n-3

Figure 1.10 The pathways for the synthesis of polyunsaturated fatty acids within animals from
the precursors linoleic (18:2 n-6) and α-linolenic acid (18:3 n-3). The n-6 and n-3 pathways led
to the synthesis of arachidonic acid (20:4 n-6) and DHA (22:6 n-3), respectively. Delta-5 and
delta-6 refer to the site of double bond insertion by desaturase activity. Elo represents an
elongation step by a fatty acid elogase.

1.1.2 Glycerolipids

Lipids containing glycerol as a common building block are known as glycerolipids with
the exception of glycerophospholipids which are considered as a separate category due
their distinct biological roles [7]. Several subclasses of glycerolipids exist with the most
important being monoacylglycerols (MAG), diacylglycerols (DAG) and triacylglycerols
(TAG) which are named according to the number of esterified fatty acids (Figure 1.11).
Monoacylglycerols contain one fatty acid esterified to glycerol. This one fatty acid may
be esterified to either the sn-1, sn-2 or sn-3 position with the difference between
esterification at the sn-1 and sn-3 positions being the stereochemistry around the central
glycerol carbon. Similarly, diacylglycerols contain two esterified fatty acids as sn-1,2-,
sn-2,3- and sn-1,3-diacylglycerols with the difference between the sn-1,2-, sn-2,3diacylglycerols again being the stereochemistry around the central glycerol carbon.
Finally, triacylglycerols contain three fatty acids esterified to a glycerol backbone.
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Vegetable oils and animal fats are almost exclusively composed of triacylglycerols and
are therefore a very important source of dietary lipids. The range of possible
triacylglycerol structures is exceedingly large with six isomers possible for a
triacylglycerol with three different acyl groups. It should be noted that ether and vinyl
ether linkages of the fatty acyl chains are also possible for mono-, di- and
triacylglycerols [7].

Monoacylglycerols generally have limited biological roles. An exception is 2arachidonylglycerol which is known to be a signalling molecule as it is a ligand of
cannabinoid receptors [65]. Conversely, diacylglycerols have several biological
functions. These include lipid-mediated signalling and control of membrane curvature
[66]. Moreover, diacylglycerols are also an important intermediate in lipid metabolism
[66]. Triacylglycerols are used predominantly for energy storage and are a major
component of adipose tissue in animals.
(a)

OH

HO

O
O
O

(b)

O

HO

O
O

(c)
O
O
O
O

O
O

Figure 1.11 Representative structures of mono-, di-, and triacylglycerols. These are a) 1-(9Zoctadecenoyl)-sn-glycerol, MAG(9Z-18:1/0:0/0:0), b) 1,2-di-(9Z-octadecenoyl)-sn-glycerol,
DAG(9Z-18:1/9Z-18:1/0:0), and c) 1,2,3-tri-(9Z-octadecenoyl)-sn-glycerol, TAG(9Z-18:1/9Z18:1/9Z-18:1).
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1.1.3 Glycerophospholipids

Glycerophospholipids are structurally related to simple glycerolipids but contain a
phosphate group esterified to the glycerol backbone. This phosphate group, with or
without a headgroup (see below), is usually located at the sn-3 position but has, in rare
cases, been found at the sn-1 position [9]. The difference between these two isomeric
forms being the stereochemistry around the central glycerol carbon. The sn-2 fatty acid
substituent is nearly always linked to the glycerol backbone by an ester linkage whereas
the sn-1 substituent can be linked either by an ester, alkyl ether or 1Z-alkenyl (vinyl)
ether group [67] (Figure 1.12). Glycerophospholipids with the 1Z-alkenyl (vinyl) ether
linkage at the sn-1 position are known as plasmalogens and have distinct biological
functions including intra and extra-cellular signalling and acting as radical scavengers
[68-71]. For the majority of glycerophospholipids, ester linkages are found at both the
sn-1 and sn-2 positions. It has been found that the sn-1 fatty acid is usually saturated
whereas the sn-2 fatty acid is usually unsaturated. This is not always true however, as
glycerophospholipids with the opposite regiochemistry have been characterised [72].
Furthermore, two saturated or unsaturated fatty acids may be esterified to a single
molecule. Glycerophospholipids with a single fatty acid esterified at either the sn-1 or
sn-2 position are also possible and may be referred to as lysophospholipids (Figure
1.13) [9].
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O Ester linkage

(a)

O
O P O
Headgroup OH

O
O
O Ester linkage
O Ester linkage

(b)

O
O P O
Headgroup OH

O
O
Ether linkage
O Ester linkage

O
O P O
Headgroup OH

(c)

O
O
1Z-alkenyl linkage

Figure 1.12 The general structures of glycerophospholipids with the three possible linkages at
the sn-1 position; a) ester, b) alkyl ether and c) 1Z-alkenyl ether. The example structures shown
may be named using shorthand nomenclature as a) PL(16:0/9Z-18:1), PL(16:0e/9Z-18:1) and
PL(16:0p/9Z-18:1), where PL refers to a generic phospholipid and ‘e’ and ‘p’ refer to the alkyl
ether and 1Z-alkenyl ether (plasmalogen) linkages, respectively. Different head group structures
leads to the different classes of glycerophospholipid shown in Figure 1.14.

(a)

O
O P O
Headgroup OH

(b)

O
O P O
Headgroup OH

O
O
OH

OH
O
O

Figure 1.13 The general structures of lysophospholipids with a single fatty acid substituent at
the a) sn-1 and b) sn-2 positions. The example structures shown may be named using shorthand
nomenclature as a) PL(0:0/9Z-18:1) and b) PL(9Z-18:1/0:0), where PL refers to a generic
phospholipid and 0:0 indicates the absence of a fatty acid substituent.

Glycerophospholipids are divided into further classes dependent on the headgroup
attached to the phosphate. In eukaryotic cells there are six different groups that are
commonly found esterified to the phosphate moiety, these are; choline, ethanolamine,
glycerol, serine, inositol and phosphatidylglycerol. This gives rise to seven different
43

classes;

phosphatidylcholine

phosphatidylglycerol

(PG),

(PC),

phosphatidylserine

phosphatidylethanolamine
(PS),

phosphatidylinositol

(PE),
(PI),

cardiolipin (CL) and phosphatidic acid (PA) where PA contains no additional moiety on
the phosphate group (Figure 1.14). The glycerophospholipids PE, PG, PS, PI, CL and
PA are commonly referred to as acidic phospholipids since they are capable of forming
deprotonated anions.
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Figure 1.14 Example lipids from the seven glycerophospholipid classes; a) PC(16:0/9Z-18:1),
b) PA(16:0/9Z-18:1), c) PG(16:0/9Z-18:1), d) PS(16:0/9Z-18:1), e) PI(16:0/9Z-18:1) and g)
CL(9Z,12Z-18:1)4.
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Glycerophospholipids are the main structural component of lipid bilayers that surround
cells and their organelles. Membrane-bound proteins are found embedded in lipid
bilayers and have a wide range of functions including the active transport of selected
molecules across the membrane and cellular signalling. Many of these membrane-bound
proteins require interaction with specific glycerophospholipids for their activity. For
example, cytochrome c oxidase requires cardiolipin while the ion transporter Na+/K+
ATPase

requires

acidic

phospholipids

[73].

Within

membranes,

specialised

glycerophospholipids with long-chain polyunsaturated fatty acids in the sn-2 position
may be present. Long-chain polyunsaturated fatty acids such as arachidonic acid (AA)
may be cleaved from the sn-2 position by phospholipase A2 (PLA2) enzymes and used
in

the

production

of

eicosanoids

(see

Section

1.1.1.5)

[8,

74].

Certain

glycerophospholipids may also act as chemical mediators themselves. One such
example is platelet-activating factor (PAF), an ether PC with an esterified acetate group
at the sn-2 position (Figure 1.15). PAF is a potent chemical mediator important in
platelet aggregation [75].
O

(H3C)3N

O
O P O
O

O
O

Figure 1.15 The structure of platelet-activating factor (PAF); this phospholipid has the
phosphatidylcholine headgroup with an acetate group at the sn-2 position and an alkyl ether
linkage at the sn-1 position.
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1.1.4 Sphingolipids

Sphingolipids are a class of lipid that contains a long-chain base (also known as a
sphingoid base). The two most common sphingolipids are ceramides and sphingomyelin
(Figure 1.16a and b). Ceramides (Cer) consist of an amide-linked fatty acid on the longchain base while sphingomyelin (SM) contains a phosphocholine group linked to the
hydroxyl group of ceramide. Dihydrosphingomyelin (DHSM), a structural analogue of
sphingomyelin lacking the trans double bond on the long-chain base (Figure 1.16c), has
also been identified in tissues such as the human lens [76]. The biosynthetic pathway for
sphingomyelin is provided in Figure 1.17. In this pathway, L-serine is condensed with
palmitoyl-CoA to form 3-ketosphinganine which is then reduced to sphinganine [77].
N-acylation of sphinganine occurs to form dihydroceramide which is then converted to
ceramide by the insertion of a 4,5-trans double bond [77]. Phosphocholine transfer to
ceramide then results in the formation of sphingomyelin.

Ceramides have important roles in cellular signalling including triggering apoptosis and
the activation of protein kinase C [78]. On the other hand, sphingomyelin is an
important structural component of lipid bilayers and also acts as a source of ceramides.
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Figure 1.16 Representative structures of the sphingolipid classes; ceramide, sphingomyelin and
dihydrosphingomyelin. These are a) Cer(d18:1/9Z-18:1), b) SM(d18:1/9Z-18:1) and c)
DHSM(d18:0/9Z-18:1).

L-serine + palmitoyl-CoA

3-ketosphinganine

Sphinganine

Dihydroceramide

Ceramide

Sphingomyelin
Figure 1.17 The biosynthetic pathway for sphingomyelin. Figure adapted from reference [77].
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1.1.5 Sterols

Sterols are polycyclic compounds and include cholesterol and its derivatives, steroids
(such as estrogen and testosterone) and vitamin D [7]. Of these, cholesterol is the most
abundant and is an important constituent of membranes where it is believed its main
role is modulating membrane fluidity [1]. Cholesterol is comprised of four fused
hydrocarbon rings with an eight carbon branched chain attached to one terminal ring
and a hydroxyl group on the other terminal ring. Fatty acids may be esterified to
cholesterol via this hydroxyl group to form cholesterol esters. The structures of both
cholesterol and a cholesterol ester are shown in Figure 1.18.
(a)

HO

(b)

O
O

Figure 1.18 The structures of a) cholesterol and b) 9Z-18:1 cholesterol ester. These are both
commonly-occurring sterol lipids.

1.2 Potential for isomeric molecular lipids

The potential for isomeric lipids presents problems for the assignment and
quantification of individual molecular lipids. This is particularly true for mass
spectrometry as isomeric lipids have the same mass and are therefore indistinguishable
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without further interrogation. Much of the structural variation of molecular lipids occurs
at the fatty acid chains, primarily as a result of different double bond position and
geometry.

1.2.1 Isomeric fatty acids

Free fatty acids are not abundant in cells and tissues but rather esterified to more
complex lipids such as phospholipids and TAGs. The work of this thesis is primarily
targeted at distinguishing isomeric lipids differing only in double bond position. As
discussed in Section 1.1.1, fatty acids differing only in double bond position are
relatively common. Moreover, while the cis configuration is most common, trans fatty
acids are also found and are known to result from both bio- and industrial
hydrogenation. Further potential for isomeric fatty acids exists as a result of other
structural variation that has been observed including methyl branched and cyclic
structures. It is therefore possible that a methyl-branched fatty acid may have the same
molecular formula as a straight-chained fatty acid or that, for example, a cyclopropane
fatty acid will have the same molecular formula as a monounsaturated fatty acid. This is
typically not a concern for the analysis of most animal and plant lipids as such complex
fatty acids are not common.
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1.2.2 Isomeric complex lipids

For the purpose on this thesis, lipids with fatty acid substituents as a building block for
their molecular structure will be referred to a complex lipids. These include lipids such
as glycerophospholipids and TAGs. Within glycerophospholipids and TAGs there are
five possible points of variation; fatty acid chain length, double bond number, double
bond position, double bond geometry and sn-position of fatty acid substituents. As
discussed above, there are many isomeric fatty acids differing only in double bond
position and geometry. This is most noticeable for the 18:1 isomers, for example,
twenty isomers have been identified in cow’s milk and adipose tissue [21] (see Section
1.1.1.2). This in its self is a huge number of potential isomers, however, when fatty
acids are incorporated within more complex lipids the number of potential isomers
further increases. For example, consider a lipid which has been identified as PC(34:1), a
phosphatidylcholine with a total of 34 carbons and one carbon-carbon double between
the two esterified fatty acids. This would most commonly contain a 16:0 and 18:1 fatty
acid based on the natural abundances of saturated and monounsaturated fatty acids. It is
possible, however, that 16:1 and 18:0 or even 14:0 and 20:1 are present. Taking the
most likely combination containing a 16:0 and 18:1 fatty acid, two isomeric lipids
differing in fatty acid sn-position are possible; PC(16:0/18:1) and PC(18:1/16:0).
Considering that the n-7 and n-9 double bond positions are commonly found in nature
results in a total of four possible isomers. The n-7 and n-9 double bonds may be of the
trans configuration increasing the number of isomers to eight (see Figure 1.19 for the
structures of the eight possible isomers). If the possibility of the phosphocholine group
being esterified at the sn-1 position (as opposed to the sn-3 position) is considered then
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the total number of potential isomers is increased to sixteen. This is a very large number
of potential isomers but theoretically there could be as many as eighty isomers if the
twenty isomers of 18:1 identified in cow’s milk were considered.
18:1 fatty acid in the sn-2 position
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O
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Figure 1.19 The structures of eight possible isomeric structures for a phosphatidylcholine with
the 16:0 and 18:1 fatty acids.

1.3 Biological roles of complex lipids

1.3.1 Membrane phospholipids and lipid-protein interactions

It is known that specific molecular lipids can have distinct biological functions. Many
important processes involve membrane phospholipids. Interestingly, it is known that
there is an asymmetric distribution of phospholipids across biological membranes with
PC and SM lipids being found in the exoplasmic leaflet and PA, PE, PS and PI being
located in the cytoplasmic leaflet [79, 80]. In fact, the appearance of PS on the outer
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leaflet of the cell membrane occurs prior to apoptosis [81] highlighting the importance
of this membrane asymmetry. Within membranes, certain lipids are known to interact
with membrane-bound proteins and affect their activities [82]. This has been
demonstrated for diacylglycerol kinases isolated from rat brain where their kinase
activities are increased by PS and PI [83]. In addition, Dynamin I, a GTPase, may bind
phospholipids with optimal binding observed for mixtures of PS and PC in a 1:3 ratio.
Interestingly, minimal binding was observed for either pure PS or PC [84]. The negative
charge on the phosphate group has been found to be important for the function of
voltage-dependent K+ channels possibly by the stabilisation of positively-charged
residues of the voltage sensor [85]. While these lipid-protein interactions have not been
attributed to particular molecular lipids, they demonstrate the specificity of certain
proteins to particular phospholipid classes.

Currently there is great interest in the role of lipids in the structure of membrane
proteins. Consequently, numerous reviews have been published discussing lipid-protein
interactions [86-90]. Potentially the strongest evidence of the selective binding of
particular molecular lipids has been presented by Shinzawa-Itoh et al. From a
preparation of crystalline bovine heart cytochrome c oxidase, thirteen lipids were
identified [91]. This included ten phospholipids and three triacylglycerols. In this
detailed study, both the fatty acid sn-positions were assigned as well as the double bond
position and geometry within the monounsaturated fatty acid substituents. Interestingly,
one of the phospholipids identified was a PG with an esterified cis-vaccenic acid where
the double bond position for vaccenic acid is 11/n-7. This is particularly interesting as
there is a higher proportion of oleic acid (9/n-9) within the membrane. Furthermore the
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ratio of cis/trans 18:1 n-7 within the cytochrome c oxidase preparation was 12.8/1
whereas in the mitochondrial membrane the ratio was found to be 5/1 [91]. This would
seem to suggests that the both the double bond position and geometry is important for
the binding of this phospholipid to bovine heart cytochrome c oxidase. Within the X-ray
structure of the enzyme the locations of the phospholipids could be revealed. Four
phospholipids including CL(18:2)4 were found to stabilise the dimeric enzyme by
bridging the two monomers [91]. The four fatty acyl chains and phosphate groups of
CL(18:2)4 interact with the two monomers (see Figure 1.20) to stabilise the dimer [91].
In a separate study by Varanasi et al., mutants were made of cytochrome c oxidase of
Rhodobacter sphaeroides with different residues at the lipid binding site. This was
shown to disturb the interaction between subunits possibly leading to side reactions at
the oxygen reduction site and consequent suicide inactivation [92].
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Figure 1.20 The atomic model of CL(18:2)4 within cytochrome c oxidase and the structure of
CL(18:2)4 showing the sites which directly interact with amino acid residues of the protein.
CL(18:2)4 is found bridging the two monomers (shown in green and blue). The circles on the
structure of CL indicate the sites which directly interact with amino acid residues with the blue
and green circles representing interactions with different monomers. Figure adapted from
reference [91].

Similar to the cytochrome c oxidase study, Li and co-workers identified a PE in the Xray crystal structure of the orphan nuclear receptor steroidogenic factor-1 (Figure 1.21)
[93]. Using mass spectrometry, two PE lipids were identified; PE(32:1) and PE(34:2).
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Inspection of the X-ray structure, however, only revealed PE(32:1) with two C16 fatty
acids. Due to the conformation of the lipid in the crystal structure it was noted that the
monounsaturated fatty acid was in the sn-2 position. Moreover, a kink in the
hydrocarbon chain was located between C8 and C10 suggesting the presence of a cis
double bond at that approximate location [93]. Therefore, structural evidence from the
X-ray structure would suggest that the bound lipid was PE(16:0/9Z-16:1).
Unfortunately, further structural characterisation was not preformed on the PE(32:1) so
a confident assignment of molecular structure cannot be made. The bound lipid
observed in the X-ray structure of the orphan nuclear receptor steroidogenic factor-1
was located in a pocket (Figure 1.21) [93]. Within this pocket the acyl chains were
embedded in the protein and the headgroup was found at the opening. To address the
role of the bound lipid in protein function, mutants were made to disrupt lipid binding
by reducing the size of the pocket or remove hydrogen bonding interactions. These
mutations had reduced transcriptional activity [93] suggesting that phospholipid binding
is critical for the full function of this protein.

Figure 1.21 Space-filling representation of a PE lipid located in the pocket of the orphan
nuclear receptor steroidogenic factor-1. Figure adapted from reference [93].
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Disruptions in membrane lipids may lead to disease states due to the improper function
of a membrane protein. An example of this is Barth syndrome, an X-linked disorder that
may result in cardiomyopathy, reduced growth and neutropenia [94]. Abnormalities in
CL are associated with Barth syndrome, in particular, subjects with the disease are
deficient in CL(18:2)4 and have high levels of other CL lipids not found in healthy
subjects [95]. Cardiolipin is found only in mitochondria and is associated with proteins
of the respiratory chain. Thus these data indicate that CL(18:2)4 and not other CL lipids
are important for mitochondrial function, presumably through specific interactions with
proteins of the respiratory chain.

It is clear from these limited examples currently in the literature that the headgroup and
nature of the acyl chains are important in the binding of glycerophospholipids to certain
proteins. In the case of the orphan nuclear receptor steroidogenic factor-1, the lipidbinding pocket was not large enough to accommodate fatty acids with chain lengths
greater than 16C. Furthermore, the position and geometry of double bonds may also be
important. The presence of a cis double bond on the acyl chain introduces a kink which
when in the correct position may be needed to achieve the specific shape required for
binding. High-resolution X-ray structures only exist for a small percentage of membrane
proteins. Therefore it seems possible that many more lipid-protein interactions may
involve specific molecular lipids. X-ray structures of membrane proteins lack sufficient
resolution for the full structural characterisation of bound lipids. This means that
complementary techniques, such as the use of mass spectrometry, are required for lipid
structural characterisation.
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1.3.2 Lipids in cellular signalling

Lipids are involved in complex signalling pathways that control a range of cellular
processes. In fact, it has been noted that lipids play an important or key role as
signalling and regulatory molecules in almost all areas of cell biology [96]. Cells
contain a range of enzymes including phospholipases, sphingomyelinase and
sphingosine kinase which may modify lipids to produce signalling molecules [97].
Phospholipases are an important class of lipid-modifying enzymes which hydrolyse
phospholipids. There are several different types of phospholipases which are classified
according to site of hydrolysis, these are; phospholipase A1, phospholipase A2,
phospholipase C and phospholipase D. The phospholipase A1 and phospholipase A2
hydrolyse the sn-1 and sn-2 fatty acids, respectively, whereas phospholipase C
hydrolyses the phosphate-glycerol bond and phospholipase D the phosphate-headgroup
bond. Of these classes of phospholipases, the phospholipase A2 (PLA2) enzymes, which
selectively remove the sn-2 fatty acid, are particularly important [98-101]. Long-chain
polyunsaturated fatty acids, such as AA and DHA, may be released from membrane
phospholipids by enzymatic cleavage by PLA2 [8, 98-101]. The released long-chain
fatty acids are then converted into eicosanoids and docosanoids and the resulting
lysophospholipid may also be involved in cellular signalling [8, 98-101]. A well
understood signalling process involving PLA2 is the formation of platelet-activating
factor (PAF) by the remodelling of the membrane phospholipid, 1-alkyl-2-arachidonoyl
phosphatidylcholine (Figure 1.22) [75, 102]. This involves the hydrolysis of 1-alkyl-2arachidonoyl phosphatidylcholine by PLA2 to form free AA and lyso-PAF. The
acetylation of lyso-PAF by a specific acetyltransferase then forms the potent signalling
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lipid, PAF [75, 102]. Moreover, the free AA released by the action of PLA2 on 1-alkyl2-arachidonoyl phosphatidylcholine may be converted into eicosanoids (Figure 1.22)
[75]. In addition to the remodelling pathway for PAF synthesis, it should also be
mentioned that a de novo pathway also exists whereby PAF may be formed from 1-Oalkyl-2-acetylglycerol by a specific choline phosphotransferase [102]. Another
important example of the involvement of molecular lipids is the activation of protein
kinase C and release of Ca2+ via the hydrolysis of phosphatidylinositol-4,5-bisphosphate
by phospholipase C. This enzymatic reaction results in the formation of DAG and
inositol-1,4,5-trisphosphate both of which are signalling molecules [97]. Phospholipase
D has also been demonstrated to be involved in signalling pathways by the conversion
of membrane phospholipids to PA, a lipid implicated in cell growth, proliferation and
reproduction [103].
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Figure 1.22 Platelet-activating factor (PAF) and eicosanoids formation from the hydrolysis of
PC(16:0e/20:4) by phospholipase A2.

The molecular structure of lipids is obviously critical in lipid signalling pathways and
can influence signalling in two distinct ways. The first is that lipid structure has an
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effect on enzymatic activity. That is, certain enzymes will preferentially modify
particular lipids. For example, the majority of secreted phospholipase A2 enzymes have
a preference for anionic phospholipids [99]. Furthermore, certain phospholipase A2
enzymes have a preference for either linoleic or arachidonic acid containing
glycerophospholipids [99]. The second is that the molecular structure of substrate lipids
will also influence the products of enzymatic reactions which will in turn affect lipid
signalling pathways. For example, a glycerophospholipid with an arachidonic acid in
the sn-1 position will not be able to release arachidonic acid for eicosanoid production
via the action of phospholipase A2. Furthermore, the structure of fatty acids release by
phospholipase A2 enzymes will influence the structure of oxygenated derivatives and
affect their biological activities. For example, prostanoids (a class of eicosanoids)
formed from n-6 polyunsaturated fatty acids are usually inflammatory mediators
whereas prostanoids produced from n-3 polyunsaturated fatty have anti-inflammatory
and homeostatic effects [97]. As a result, detailed structural information of molecular
lipids is required to understand their possible roles in signalling pathways.

1.4 Effects of isomeric fatty acids

1.4.1 Formation of long-chain polyunsaturated fatty acids

The intake of isomeric fatty acids can have important effects on the synthesis of longchain fatty acids. In rats, it has been demonstrated that petroselinic acid (18:1 n-12) does
not undergo chain elongation and desaturation whereas oleic acid was found to be
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converted to Mead’s acid (20:3 n-9) [104]. Furthermore, reduced levels of arachidonic
acid were observed in rats fed a diet rich in petroselinic acid [104]. This suggests
petroselinic acid inhibits the chain elongation and desaturation of linoleic acid (18:2 n6) possibly by mimicking the product of 6 desaturase [104]. In a separate study by
Ratnayake and co-workers, rats were fed partially-hydrogenated canola oil and the fatty
acid profile of the extracted phospholipids was determined. Several unusual
polyunsaturated fatty acids were identified from the chain elongation and desaturation
of isomers of oleic and linoleic acid formed during the hydrogenation process [105]. For
example, the major trans polyunsaturated fatty acid in partially-hydrogenated canola oil,
9Z,13E-18:2, was converted to 5Z,8Z,11Z,15E-20:4 [105]. Also, the unusual cis fatty
acid, 12Z-18:1 was found to be converted to 8Z,14Z-20:2 and 5Z,8Z,14Z-20:3 [105]. In
addition, the trans polyunsaturated fatty acids, 9Z,12E-18:2 and 9E,12Z-18:2, were also
found to undergo desaturation and chain elongation [105].

1.4.2 Trans fatty acids and cardiovascular disease

There is strong epidemiological evidence that the intake of trans fatty acids increases
the risk of coronary heart disease [29, 106-109]. In addition, it is also possible that a
high intake of trans fatty acids may increase the risk of type 2 diabetes [110]. Trans
fatty acids are known to lower high-density lipoprotein (HDL) cholesterol and increase
low-density lipoprotein (LDL) cholesterol [111] which is known to increase the risk of
coronary heart disease. The changes in HDL cholesterol and LDL cholesterol, however,
do not fully account for the increased risk observed from epidemiological studies [15,
29]. Interestingly, the association of trans fatty acids is largely attributed to trans fatty
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acids from industrially-hydrogenated vegetable oil [106, 112]. Conversely, trans fatty
acids from ruminant sources are not believed to be associated with an increased risk of
coronary heart disease [112, 113].

This raises particularly interesting questions about the cause of this apparent difference.
It is known that the distribution of trans-18:1 isomers in partially-hydrogenated
vegetable oils is different to the distribution observed from ruminant sources. The major
trans-18:1 fatty acid from ruminant sources is trans-vaccenic acid with only minor
amounts of other trans isomers present. On the other hand, a broad distribution of trans18:1 isomers is observed in partially-hydrogenated vegetable oils. This would suggest
that the increased risk of coronary heart disease is a result of certain ‘unnatural’ trans18:1 isomers formed during hydrogenation. In earlier studies it was found that the
distribution of trans-18:1 isomers within TAGs of human adipose tissue is strikingly
similar to the distribution within partially-hydrogenated vegetable oils [114-116]. In a
series of experiments, Emken and co-workers studied the incorporation of deuteriumlabelled 18:1 fatty acid isomers [117-122]. Distinct differences in the distribution of
18:1 isomers were observed when compared to oleic acid.

For example, limited

incorporation of 13Z-18:1 and 13E-18:1 into cholesterol esters and the sn-2 position of
PC relative to 9Z-18:1 was observed. Conversely, 13E-18:1 was readily incorporated
into the sn-1 position of PC relative to the other two isomers [121]. These series of
experiments therefore demonstrate not only differences in the distribution of 18:1
isomer between lipid classes but also differences in fatty acid sn-position within lipid
classes. Differences in sn-position of isomeric 18:1 fatty acids has also been observed
within the TAGs of rats where petroselinic acid was found to be esterified
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predominantly at the sn-1 and 3 positions compared to oleic acid which was found not
to be esterified preferentially at any particular sn-position [123]. It is possible the
consumption of high quantities of isomeric fatty acids could disturb many cellular
processes in which lipids participate.

The biological effects of the incorporation of isomeric fatty acids are at present poorly
understood. In a recent study, the effects of partially-hydrogenated vegetable oil, elaidic
acid and trans-vaccenic acid on hamster lipoproteins were measured. When hamsters
were fed partially-hydrogenated vegetable oils, changes in the lipoproteins were
observed that are associated with an increased risk of coronary heart disease [124].
After treatment with both elaidic acid and trans-vaccenic acid, however, favourable
changes in the lipoproteins were observed indicative of a reduction in the risk of
coronary heart disease [124]. This led the authors to conclude that elaidic acid and
trans-vaccenic acid were not responsible for increased risk of coronary heart disease
and that other components within partially-hydrogenated vegetable oil must be
responsible [124].

1.5 Lipid analysis
1.5.1 Nuclear magnetic resonance (NMR)
1.5.1.1 Proton (1H) and 13C NMR spectroscopy

Both 1H and 13C NMR spectroscopy have been used in the analysis of lipids. Proton and
13

C NMR can provide excellent structural detail for isolated lipids. While more
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complicated, NMR spectroscopy can still be applied to complex mixtures [125]. Using
proton NMR, signals may be integrated to determine the ratio of equivalent protons.
This allows the number of double bonds within polyunsaturated fatty acids to be
determined [126]. With proton NMR however, determining the location of double
bonds is not possible unless a double bond is close to the ester or methyl group. Such a
case is when the final double bond is in the n-3 position [126]. Proton NMR may also
be useful for determining the presence and the characterisation of cyclopropane,
cyclopropene, epoxy and hydroxyl groups on acyl chains [126]. For example, proton
NMR in conjunction with other NMR techniques and LC-MS was recently used in the
characterisation of the methyl esters of eicosapentaenoic acid monoepoxides [127].

Compared to proton NMR spectra, 13C NMR spectra typically have more signals and as
such may provide more information. Using

13

C NMR, information regarding the

location of double bonds within acyl chains may be obtained. Acyl groups with a double
bond at the Δ4, Δ5 and Δ6 and at the n-3 and n-6 positions may be distinguished [126].
This can be seen in Figure 1.23, where the

13

C NMR spectra of methyl oleate (18:1

Δ9/n-9) and methyl petroselinate (18:1 Δ6/n-12) are shown. For methyl oleate, the shifts
for the olefinic carbons at C9 and C10 are observed at δC 129.76 and 130.01,
respectively. For methyl petroselinate, the shifts for the olefinic carbons at C6 and C7
are observed at δC 130.48 and 129.06, respectively [128]. The differences in these
chemical shifts allow the differentiation of these two isomers. In 13C NMR, differences
are also observed for cis and trans isomers. Within triacylglycerols, assignment of snposition for fatty acid substituents is also possible, for example, TAG(16:0/18:1/16:0)
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may be distinguished from TAG(18:1/16:1/16:0) [126]. This may be applied for the
analysis of regioisomers within marine oils for authentication purposes [129].

Figure 1.23 The 13C NMR spectra of a) methyl oleate (18:1 Δ9/n-9) and b) methyl petroselinate
(18:1 Δ6/n-12). For methyl oleate the shifts for the olefinic carbons at C9 and C10 are observed
at δC 129.76 and 130.01 whereas for methyl petroselinate the shifts for the olefinic carbons at
C6 and C7 are observed at δC 130.48 and 129.06. Figure adapted from reference [128].
65

1.5.1.2 Phosphorus (31P) NMR spectroscopy

31

P NMR is useful for the analysis of phosphorous containing lipids, i.e. phospholipids

[130-135]. The phospholipid headgroup influences the chemical environment of the
phosphorous which in turn affects the chemical shift. This means that distinct
resonances are observed for each phospholipid class (Figure 1.24). In addition, the
linkage of the carbon chains also affects this chemical shift therefore allowing ester and
ether linkages to be distinguished (see Figure 1.24) [131-134]. The nature of the acyl
chains, however, plays a more subtle role. It has been demonstrated that PCs with 0, l
and 2 saturated acyl chains may be distinguished [132]. Furthermore, PC standards with
saturated acyl chains of varying chain lengths may be resolved [132]. Peak integration
may be used for the relative quantification of different phospholipid classes [134].
Phosphorous NMR may therefore be used to identify phospholipid classes and certain
subclasses, such as plasmalogens, but not individual molecular phospholipids. Care
must be taken when assigning resonances to lipids with unusual or unexpected
structures [136]. In comparison to other techniques, phosphorous NMR requires a large
quantity of lipid extract for analysis (118 to 944 mg tissue wet weight/mL used in [137])
which in some instances may be difficult to acquire.
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Figure 1.24 The 31P NMR spectrum of a chloroform/methanol phospholipid extract of a human
brain. Resonances were assigned and are labelled above. Figure adapted from reference [134].

1.5.2 Chromatography

In terms of lipid analysis, chromatographic techniques are used for sample preparation
or to directly identify and quantitate certain lipids by comparison to reference standards.
For sample preparation, chromatography may be used to separate lipid classes for
subsequent analysis. This may involve, for example, collecting the triacylglycerol
fraction from liquid chromatography (LC) for analysis by mass spectrometry.
Chromatographic techniques are, however, extremely powerful and widely utilised
especially when coupled with mass spectrometry [138]. There are several types of
chromatography commonly used in lipid analysis, these are; thin-layer chromatography
(TLC), gas chromatography (GC) and liquid chromatography (LC).
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1.5.2.1 Thin-layer chromatography (TLC)

Thin-layer chromatography (TLC) provides a fast and simple means for the separation
and identification of different lipid classes [139-142]. While TLC has been largely
superseded by other chromatographic techniques it is still used in some laboratories as
an effective, low-cost and rapid method for the separation and identification of lipids
[140]. Both normal-phase and reverse-phase TLC have been applied to lipid analysis
with normal-phase TLC being the most widely utilised [141, 142]. Silica gel is typically
used as the stationary phase for normal-phase TLC with mobile phases such as hexane:
acetone, hexane: diethyl ether and chloroform: methanol [139, 142]. Normal-phase TLC
with a silica gel stationary phase allows the separation of neutral lipids and
phospholipid classes [141, 142]. Impregnation of silica gel with a silver salt such as
silver nitrate is also commonly utilised and is referred to as argentation or silver ion
TLC [141-143]. Argentation TLC can provide separation based on the number,
geometry and, to some extent, position of carbon-carbon double bonds [141-143].
Therefore it is possible to separate fatty acid methyl esters [144] and triacylglycerols
[145] based on the structure of the acyl chains. Separation occurs due to the interaction
of silver ions within the stationary phase with the olefinic bonds of unsaturated lipids
[141, 143]. Visualisation of the separated lipid classes is possible by staining with a
variety of reagents such as phosphomolybdic acid and primuline [139, 146].
Furthermore, class-specific stains may be used to identify a particular class of lipid. For
example, ninhydrin may be used to identify amino-containing lipids such as
phosphatidylethanolamine and phosphatidylserine [142]. In the absence of class-specific
stains, lipid identification is made on the basis of mobility and comparison to lipid
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standards. For further analysis, isolated lipids may be scrapped from undeveloped TLC
plates and extracted from the stationary phase [140, 147].

1.5.2.2 Gas chromatography (GC)

Gas chromatography (GC) separates compounds in the gas phase based on boiling point
and relative solubility in an immobilised liquid phase and is generally only applied to
lipids of low molecular mass [141]. GC is used extensively for the identification and
quantification of fatty acids [11, 148, 149]. Fatty acids are usually not found in their free
form but rather as substituents of more complex lipids such as glycerophospholipids
(see Section 1.1.3) which are not suitable for GC analysis. Thus to analyse the fatty acid
content of a lipid extract, free fatty acids need to be obtained by enzymatic or chemical
hydrolysis [149]. Free fatty acids are, however usually converted to apolar methyl ester
derivatives prior to GC analysis [149]. GC allows the separation of fatty acids with
different chain lengths and degrees of unsaturation. Furthermore, isomeric fatty acids
with different double bond geometries and/or positions may be separated [11, 26, 149,
150]. For example, Aro and co-workers analysed the 18:1 geometric and positional
isomers found in a food sample as methyl esters using gas chromatography (Figure
1.25) [26]. Good separation was achieved for the majority of 18:1 isomers, however,
several isomers were found to co-elute. This allows the identification of fatty acid
isomers by comparison of the retention time to an authentic standard.
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Figure 1.25 Gas chromatogram showing the separation of 18:1 isomers from a food sample
(French fried potatoes). The timescale shown is from 43 to 53 min and fatty acids were analysed
as methyl esters. Figure adapted from reference [26].

GC is the preferred analytical method for the analysis of fatty acids and is widely used
in nutritional and biomedical sciences [148]. Despite the information on fatty acid
content that can be gained from GC, it is however impossible to elucidate the structure
of molecular lipids from complex mixtures without several stages of chromatographic
separation prior to hydrolysis and derivatisation.

1.5.2.3 Liquid chromatography (LC)/high-performance liquid chromatography
(HPLC)

LC in its simplest form involves the use of a stationary phase packed in a column to
which a mixture of compounds is added and separated by moving the mobile phase
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through the column using gravity alone. Most modern methods for the analysis of lipids,
however, use high-performance liquid chromatography (HPLC). HPLC utilises smaller
particle sizes which increase the surface area of the stationary phase and, in turn,
improves resolution; although high pressure is required to achieve suitable flow rates.
There are a large number of stationary phases that may be used for lipid separation.
Broadly speaking, these are either polar or non-polar stationary phases which are used
for normal-phase HPLC and reversed-phase HPLC, respectively. Both normal-phase
and reversed-phase HPLC are routinely used in the separation and identification of
lipids. Normal-phase HPLC is used for separating lipid classes including phospholipid
classes [151-155] whereas reversed-phase HPLC is used to separate molecular lipids
within a lipid class based on the nature of the acyl chains [151, 155-159] (see Figure
1.26). The separation of lipid classes prior to further analysis is commonly employed
using normal-phase HPLC [151, 155]. Alternatively, normal-phase HPLC may be used
for the direct on-line analysis of lipids without prior off-line fractionation [152-154].
HPLC is compatible with electrospray ionisation mass spectrometry further enhancing
its analytical applications for the detection and structural characterisation of intact
lipids. Reversed-phase HPLC is commonly coupled with mass spectrometry to provide
separation of molecular lipids within a lipid class prior to mass spectrometric analysis
[151, 155, 157, 160]. Such an example is shown in Figure 1.26(b).
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Figure 1.26 a) Normal-phase HPLC chromatogram of a lipid sample from human erythrocyte
membranes. b) The reverse-phase HPLC chromatogram of the phosphatidylcholine fraction
collected from the normal-phase HPLC separation at 26 min. Figure adapted from reference
[155].

1.5.3 Mass spectrometry

Mass spectrometry has had a long history in lipid analysis. Early ionisation methods
such as electron ionisation (EI) and chemical ionisation (CI) were not well suited to the
analysis of complex lipids due to the excessive fragmentation often observed. Such
ionisation methods though could be coupled with GC to allow the structure of fatty acid
methyl esters to be further probed. The development of fast atom bombardment (FAB)
and later electrospray ionisation (ESI) greatly expanded the use of mass spectrometry
for lipid analysis [161-165]. As a result, it is now possible to analyse all lipid classes
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and gain detailed structural information on complex lipids using mass spectrometry
[166-168]. This is a major advantage over NMR and chromatography-based methods
for lipid analysis which typically only provide information at the lipid class level.
Moreover, modern mass spectrometers are highly sensitive (level of detection as low as
0.1 µg/kg recently reported using a novel ESI source design [169]) providing a further
advantage over NMR and chromatography-based methods. For these reasons, mass
spectrometry is arguably the single most important tool for lipid analysis and will be
discussed in the next chapter. Although, chromatographic separation, either on-line or
off-line, is commonly utilised prior to mass spectrometry.
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Chapter 2 Mass spectrometry of lipids

2.1 Ionisation methods

Many ionisation methods are available for the analysis of lipids by mass spectrometry.
The ionisation methods that have been applied to lipids include electron ionisation (EI),
chemical ionisation (CI), electron capture ionisation (ECI), field desorption (FD),
atmospheric pressure chemical ionisation (APCI), fast atom bombardment (FAB),
electrospray ionisation (ESI), desorption electrospray ionisation (DESI) and matrixassisted laser desorption ionisation (MALDI) [161, 163, 165, 170-180]. Several of these
ionisation methods however, are not currently used in lipid analysis having being
superseded by superior ionisation methods. The choice of ionisation method used is
usually dependent on the physical and chemical properties of the lipid of interest as well
as the application. Currently, the most widely applied ionisation methods for lipid
analysis are EI, CI, ESI and MALDI.

2.1.1 Electron ionisation (EI)

Electron ionisation (EI) is a high energy ionisation method used for the ionisation of
volatile molecules [181] such as the methyl esters of fatty acids [172]. Ionisation of
samples occurs in the gas phase and therefore gases may be directly introduced into the
source region. For liquids and solids however, heating may be required to generate gasphase molecules for analysis. Within the EI source, electrons are produced from a
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heated filament and accelerated by an electric field to form an electron beam with
electrons of a known energy [182, 183]. When this ion beam interacts with gas-phase
neutral molecules introduced into the ion source, energy is imparted to the neutral
molecules causing the ejection of an electron and the formation of positively-charged
radical ions (see Equation 2.1) [182].

M + e-  M•+ + 2 e-

Equation 2.1

Electron
accelerating
potential

Gaseous
sample inlet

Ionisation space

Filament
heater
potential

Electron trajectory

Cathodic filament:
electron emitter

Anode:
electron discharge

Extracting lens
Focusing lens
Accelerating lens
To analyser

Figure 2.1 A schematic diagram of an electron ionisation source. Figure adapted from reference
[183].

The energy required for the ejection of an electron from an organic molecule is
approximately 10 eV whereas between 10 to 20 eV is imparted to molecules during
ionisation (at 70 eV) [183]. This means that some M•+ ions will have excess energy
leading to fragmentation of the molecular ion. The extent of fragmentation may be
controlled by the strength of the electric field used to accelerate electrons within the ion
source. At low electron energies little fragmentation may be observed, however, ion
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intensities can be significantly reduced due to poor ionisation [184]. In practice most EI
spectra are acquired at 70 eV in part because at this energy all atoms and molecules may
be ionised and EI spectra acquired on separate instruments may be compared [184]. The
fragmentation observed using EI is specific to the structure of the molecule. As a result,
the fragmentation pattern is useful for elucidating molecular structure. Vast knowledge
of these fragmentation mechanisms has been gained over the decades and can be used in
the structural assignment of molecules of unknown structure. Even in the absence of a
mechanistic understanding of fragmentation, EI is still useful in structural elucidation by
using database searching whereby the recorded EI spectrum is compared with the EI
spectra of standard compounds [185, 186].

EI is widely used in the analysis of fatty acid methyl esters [172] after separation by GC
[148]. By this GC-MS approach, common positional and geometric isomers may be
identified from differences observed in retention times [187]. The fragmentation
observed from the EI of unsaturated fatty acid methyl esters does not, however, give
information regarding the position of double bonds. For example, Figure 2.2 shows the
EI mass spectra of the methyl esters of oleic (9Z-18:1) and cis-vaccenic acid (11Z-18:1)
and these spectra are essentially identical [138, 188]. This presents a problem when
characterising fatty acids with uncommon double bond positions. The lack of detailed
structural information provided by the EI of fatty acid methyl esters is believe to be due
to double bond migration within the radical cation [188]. Other fatty acid derivatives
have been studied which do not suffer from this problem and are therefore useful for
locating double bonds (see Section 2.4.1).
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Figure 2.2 The EI mass spectra of the methyl esters of a) oleic acid (9Z-18:1) and b) cisvaccenic acid (11Z-18:1). These EI mass spectra are essentially identical despite the differences
in double bond position. Figure adapted from reference [188].

Diacylglycerols and monoacylglycerols derivatives have been analysed be EI [189].
Even information regarding the molecular structure of more complex molecular lipids
may be gained from EI. For example, the headgroup of an isolated PC may be removed
enzymatically to form a diacylglycerol which may be derivatised and analysed be EI
[172]. Triacylglycerols and phospholipids have also been analysed by EI without prior
derivatisation [178, 190]. Major problems exist for the analysis of phospholipids by EI
including the low volatility of phospholipids; their propensity to undergo thermal
degradation when heated; and the absence of a molecular ion when subjected to highenergy electrons [177].

77

2.1.2 Chemical ionisation (CI)

Chemical ionisation (CI) was first presented by Munson and Field in 1966 [191] and
involves the generation of analyte ions through the use of ion-molecule reactions in the
ion source. First the reagent gas is ionised by electron ionisation (see Section 2.1.1).
Reagent ions can then react with neutral reagent molecules creating a range of reactive
ions which can then ionise sample molecules, usually by proton transfer reactions.
Commonly used reagent gases include methane, isobutane and ammonia [183]. A
simplified scheme for the chemical ionisation of sample molecules, M, when using
methane as the reagent gas is shown in Scheme 2.2.
CH4 + e-

CH4•+ + 2e-

CH4•+ + CH4

CH5+ + •CH3

M + CH5+

[M+H]+ + CH4

Scheme 2.2 The chemical ionisation of analyte molecules, M, using methane as the reagent gas.
In this scheme, methane is ionised by electron ionisation to form CH4•+ ions which then react
with neutral methane molecules to form CH5+ ions. Proton transfer between the reagent CH5+
ions and neutral analyte molecules results in the formation of protonated sample ions, [M+H]+.

The CI ionisation source is essentially a modified EI source which permits ion-molecule
reactions between EI-generated reagent ions and analyte molecules. In fact, many
commercial mass spectrometers utilise dual EI/CI ion sources which highlights the
similarities between these techniques. In positive-ion mode, CI results in the formation
of [M+H]+ ions (Scheme 2.2) in contrast to the radical cations generated by EI.
Moreover, CI is a lower energy ionisation technique and thus may be used to generate
abundant [M+H]+ ions which can be used to determine molecular mass. For these
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reasons, CI may be viewed as complementary to EI in structural characterisation (i.e.,
CI for molecular mass and EI for fragmentation fingerprint).

Fatty acids form abundant [M+H]+ ions with minimal fragmentation when ionised by CI
[192]. This means that fatty acid mixtures may be directly analysed by CI-MS without
prior separation by gas chromatography. Furthermore, since gas chromatography is not
required, fatty acids may be analysed directly as carboxylic acids. This is in contrast to
GC-MS where fatty acids are usually converted to their respective methyl esters prior to
analysis. Phospholipids have also been analysed by CI using isobutane and ammonia as
reagent gases [179, 193]. As with EI, however, ionisation occurs in the gas phase for CI
which proves problematic for the analysis of phospholipids due to their low volatility.
In a unique approach, it has also been demonstrated that double bond position may be
determined within fatty acid methyl esters by CI when using acetonitrile as the reagent
gas. This will be discussed in greater detail within Section 2.4.5.

2.1.3 Fast atom bombardment (FAB)

The development of fast atom bombardment (FAB) in 1981 [194] greatly expanded the
range of lipids that could be analysed directly by mass spectrometry. Significantly, nonvolatile lipids such as glycerophospholipids could be, for the first time, ionised without
significant fragmentation [172]. Ionisation by FAB occurs by directing fast-moving
atoms to a surface containing the analyte of interest. The generation of fast-moving
atoms is achieved by ionising a noble gas, typically xenon, and accelerating the
79

resulting ions within an electric field. Collisions between fast-moving ions and slowmoving neutral atoms results in charge transfer and the production of fast-moving
neutral atoms. Remaining ions are then deflected, leaving a beam of fast-moving atoms
which is directed to a surface upon which the sample is mounted in a matrix of nonvolatile liquid [182]. The liquid used must have a high boiling point to avoid rapid
evaporation in the high-vacuum conditions of the ion source. Commonly used solvents
for FAB include glycerol and thioglycerol [182]. When fast-moving atoms collide with
the matrix containing the sample, ejection of ions and atoms from the solution occurs. In
addition, charge transfer reactions can occur to form ions that were not pre-existing in
the matrix prior to FAB [182].
Pusher

Ar
Heated
filament

Sample dissolved
in glycerol
Focusing
electrodes

charge transfer
and production of
fast moving atoms

Ar

Ar

formation

Electrodes for
the deflection
of ionic species
Sample ions
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Figure 2.3 Schematic diagram of a fast atom bombardment (FAB) ionisation source. Figure
adapted from reference [183].

Prior to the development of FAB, lipid mass spectrometry was largely limited to the
analysis of fatty acid derivatives. With FAB, both positive and negative even-electron
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ions (including [M-H]- and [M+H]+ ions), of glycerophospholipids could be produced
and their structures further interrogated using tandem mass spectrometry [161, 162, 195,
196]. In fact, many of the early studies investigating the fragmentation mechanisms of
complex lipids and free fatty acids used FAB for ionisation (see Sections 2.4.2 and 2.4.3
for examples). In modern lipidomic analyses however, FAB is rarely used. This is due
to the greater sensitivity of contemporary techniques such as electrospray ionisation
(ESI) (see Section 2.1.4) and the high background noise in FAB attributed to random
fragmentations as a result of high-energy collisions and the interference of matrix peaks.
For example, when glycerol is used as the matrix, protonated glycerol and glycerol
clusters are observed which can interfere with analysis [182].

2.1.4 Electrospray ionisation (ESI)

2.1.4.1 Description and mechanism

Electrospray ionisation (ESI) is a soft ionisation method ideal for the analysis of a
staggering variety of chemical compounds including lipids and proteins. The first
application of ESI was in 1968 by Dole and co-workers [197] where polymers were
ionised and detected by a Faraday cup. Nearly 20 years later, Fenn and Yamashita first
used ESI with mass spectrometry [198-200]. Multiply-charged ions were observed for
polymers and proteins which enabled the detection and mass analysis of high molecular
mass compounds by quadrupole mass spectrometry (see Section 2.2.1 for information
on quadrupole mass analysers) [201, 202]. Furthermore, the presence of multiplycharged ions was found to allow the molecular mass of large proteins to be determined
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[202]. Since these pioneering experiments, ESI has become possibly the most widely
utilised ionisation method. The instrumentation for ESI is surprisingly simple given the
status of this ionisation method. Within the ESI source the analyte is introduced
dissolved in a suitable solvent and passed though a capillary to which a high electric
potential (typically 3-5 kV) is applied (see Figure 2.4) [182]. Small, charged droplets
are formed which ultimately yield gas-phase ions. Either a positive or negative potential
may be applied to form positive or negative ions, respectively. Within commercial ESI
mass spectrometers, nitrogen gas is commonly used to enhance drying of the charged
droplets and for better transmission of ions into the mass spectrometer. This drying gas
is often introduced coaxially to the spray.

Figure 2.4 A schematic diagram of an electrospray ion source. Figure adapted from reference
[203].

Most of the processes involved in the formation of gas-phase ions by ESI are well
understood. When an electric field is applied to the capillary tip, a dipolar layer is
formed at the surface of the solvent from the separation of cationic and anionic
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electrolyte ions [204]. When a positive potential is applied, positive ions within this
dipolar layer are located towards the surface (Figure 2.5). Conversely, when a negative
potential is applied, negative ions are located towards the surface. In either case, the
excess of like charges destabilise the surface and a so-called Taylor cone forms from
which charged droplets are ejected with either an excess of positive or negative ions
depending on the polarity of the applied potential (Figure 2.5). Solvent evaporation
from these charged droplets results in a decrease in droplet size while the net charge of
the droplet remains the same. This increased Coulombic repulsion between ions of the
same charge causes droplet fission to release electrostatic strain. This droplet fission
produces approximately 20 smaller droplets carrying roughly 2% of the parent droplet’s
mass and 15% of the parent droplet’s charge [204]. This process of solvent evaporation
and droplet fission is repeated to form very small, charged droplets that are the
immediate precursors to gas-phase ions. The exact process by which ions are formed
from these small, charged droplets is not fully understood. Two theories have emerged
to explain how gas-phase ions are produced from small charged droplets; these are
known as the charge residue and ion evaporation theories [205]. The charge residue
theory was proposed by Dole and states that solvent evaporation and droplet fission
continues until very small droplets with only one charge are formed [197]. Conversely,
the ion evaporation theory proposed by Iribarne and Thomson states that gas-phase ions
are ejected directly from small, charged droplets [206, 207]. The driving force for this
ion ejection is the excess charge of the droplet’s surface. A barrier for ion ejection must
be overcome owing to attraction of the ion to the droplet. Definitive evidence for either
theory does not exist and many of the trends observed in ESI can be explained by either
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theory [204]. It is not unreasonable to suggest that both mechanisms for gas-phase ion
production may operate depending on the class of molecule being ionised.

ESI capillary with
3-5 kV applied
Taylor cone

Further solvent
evaporation and
dropplet fission or
ion evaporation

Solvent
evaporation

analyte dissolved
in solvent

[M + H]

Dropplets formed
from Talyor cone

Dropplet fission
at Rayleigh limit

Figure 2.5 A schematic diagram showing the process in which protonated ions are formed
during ESI. Droplets are initially formed from the Taylor cone at the ESI capillary. Solvent
evaporation increases charge density resulting in droplet fission. Ions are then formed in
accordance to either the charge residue or ion evaporation models. Figure modified from
reference [203].

From an analytical perspective, it is important to realise that analyte ions observed in an
ESI-MS spectrum do not necessarily reflect the native charge state of the analyte in the
condensed phase. Rather protonation and adducting reactions can occur as a result of the
change in environment from the condensed phase to the gas phase. It is well known that
the production of negative or positive ions may be increased by the addition of a base or
acid to the ESI solvent, respectively. This may well be rationalised by the net charge
state of the analyte in the condensed phase. However, the production of protonated ions
from basic solutions and deprotonated ions from acidic solutions have been reported
[208, 209]. For example, multiply-charged, protonated proteins have been observed
from the ESI of basic solution [208]. This example is particularly dramatic since the
protein is known to be multiply deprotonated in the condensed phase.
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2.1.4.2 Electrospray ionisation (ESI) for lipid analysis

The majority of lipid classes may be ionised by ESI including fatty acids [210],
glycerolipids, glycerophospholipids and sphingolipids [168]. ESI-MS was first used in
the analysis of phospholipids and glycerolipids in 1991 [211, 212] and was found to be
100-1000 times more sensitive than FAB for the detection of phospholipids [163, 165].
Since ESI is a soft ionisation method, abundant protonated, deprotonated or adduct ions
are easily formed allowing molecular mass to be measured. Furthermore, protonated,
deprotonated or adduct ions formed by the ESI of lipids may be subjected to collisioninduced dissociation (CID) (see Section 2.2.1) to gain further structural information
[164, 165]. Since gas-phase ions are produced directly from the condensed phase, ESI is
readily coupled to HPLC allowing for the analysis of complex mixtures [183].
Moreover, lipid extracts may be analysed directly without the need for complex sample
preparation or derivatisation.

For the reasons stated above, ESI may be applied to complex lipid mixtures without
prior fractionation. This method of analysis is commonly referred to as ‘shotgun
lipidomics.’ Both the positive and negative ion modes are used in the analysis of lipids
depending on the class of lipid and the information required. In negative-ion mode,
acidic phospholipids (PE, PA, PG, PS and PI) are readily, and most commonly, ionised
as [M-H]- ions. Conversely, PC cannot form [M-H]- ions but may be ionised by
negative-ion ESI as [M+OAc]- or [M+Cl]- adduct ions via the addition of an acetate or
chloride salt to the ESI solvent. In positive-ion mode, PC and PE form abundant
[M+H]+ and [M+alkali metal]+ ions which are amenable to further mass spectrometric
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analysis. Shown in Figure 2.6 is the negative-ion electrospray ionisation-mass spectrum
of a cow kidney lipid extract. Different ions in this spectrum represent molecular lipids
allowing the composition of the lipid extract to be determined.

Figure 2.6 Negative-ion electrospray ionisation-mass spectrum (ESI-MS) of a cow kidney lipid
extract acquired on a triple quadrupole mass spectrometer.

ESI-MS may also be used for quantification, however, not all lipids have the same
ionisation efficiencies [213]. That is, equimolar concentrations of different lipids do not
yield the same peak intensities. For example, within glycerophospholipids, the nature of
the headgroup has a large impact on ionisation. In negative-ion mode, all
glycerophospholipid classes form [M-H]- ions except for PC. Large differences in the
ionisation efficiencies of the acidic phospholipids at both neutral and basic conditions
have also been observed. For quantification this means that an external standard is
required for each glycerophospholipid class. Koivusalo and co-workers performed a
series of experiments where equimolar solutions of dipalmitoyl- PC, PE, PA, PG, PS
and PI at 1-10 µM per lipid were prepared in 2:1 methanol: chloroform and ionised in
both the positive and negative ion modes (see Figure 2.7a and b for the negative and
positive ESI spectra of the 10 µM solution). In Figure 2.7(a), an abundant [M-H]- ion is
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observed for PG(16:0/16:0) whereas for PE(16:0/16:0) a less abundant [M-H]- ion is
observed (<10% relative abundance) despite being present at the same concentration as
PG(16:0/16:0). Therefore, from these experiments it was found that the order of
ionisation efficiencies in the negative-ion mode was PG >> PI > PA  PS >> PE [213].
The lower ionisation efficiency of PE may be because deprotonation of the protonated
amine has to occur to produce [M-H]- ions. The large variation in ionisation efficiencies
for PG, PI, PA and PS in the negative-ion mode, however, is not so easily explained. It
has been hypothesised that the gas-phase acidities of the phospholipid headgroups may
be an important determinate of the ionisation efficiencies for the acidic phospholipids in
negative-ion mode [214]. Experimental and theoretical results showed that PE and PA
were the least acidic in accordance with their low ionisation efficiencies. For PG, PS
and PI, however, no correlation between gas-phase acidity and ionisation efficiency was
found [214]. To account for the differences in ionisation efficiencies it was suggested
that differences in the surface activities of the different glycerophospholipid classes may
account for the observed differences [214]. That is, certain glycerophospholipids may
be enriched at the droplet surface and therefore preferentially ionised. In positive-ion
mode,

phosphatidylcholine

forms

abundant

[M+H]+

ions

while

phosphatidylethanolamine forms less abundant [M+H]+ ions (see Figure 2.7b) [213].
Other glycerophospholipids do not form significant protonated ions. This is not
unexpected as PC has a quaternary nitrogen and PE has a protonated amine group
therefore only protonation of the phosphate group is required to form [M+H]+ ions.
Conversely, PA, PG, PS and PI have a net negative charge in solution and therefore
need to obtain two protons to form [M+H]+ ions. Within phospholipid classes,
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ionisation efficiency is independent of fatty acyl chain length and degree of unsaturation
[215].

(a)

(b)

Figure 2.7 (a) Negative-ion spectrum of an equimolar mixture of dipalmitoyl- PC, PE, PA, PG,
PS and PI consisting of 10 µM of each lipid in 2:1 methanol: chloroform. (b) Positive-ion
spectrum of the same phospholipid mixture. Figure adapted from reference [213].

2.1.5 Matrix-assisted laser desorption (MALDI)

Matrix-assisted laser desorption (MALDI) is a useful ionisation method for the analysis
of biological molecules such as proteins, carbohydrates, oligonucleotides and lipids
[174, 183, 216]. Ionisation is achieved by the impact of laser pulses of a selected
wavelength on a solid sample containing the analyte mixed with a light-absorbing
organic compound [181]. This compound, known as the matrix, must absorb light of the
wavelength emitted by the laser [183]. Photon energy absorbed by the matrix causes
ablation of the matrix crystal surface transferring the analyte and matrix into the gas
phase. Ionisation reactions, including proton transfer, then result in the formation of
analyte ions. MALDI is an ideal ion source for time-of-flight (TOF) mass analysers (see
Section 2.2.3) due to the pulsed nature of the ionisation process [181, 183]. Both
negative and positive ions may be formed by MALDI and are typically singly charged
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[183]. In normal operation, fragmentation of ionised molecules is not significant. This is
important as it allows the analysis of complex mixtures without interference from
product ions [183]. For additional structural information, however, higher laser
irradiance may be used to form ions with additional energy that fragment after
formation [181]. This technique is termed post-source decay (PSD) and provides similar
information to collision-induced dissociation (CID) (see Section 2.2.1 for a description
of CID). An example of a PSD spectrum is shown in Figure 2.8 for the sodium adduct
ion of PC(18:0/18:1). Product ions resulting from the fragmentation of the
[PC(18:0/18:1)+Na]+ ion are observed in the PSD spectrum that provide information on
the structure of the lipid (see Section 2.3.2). For lipid research, MALDI has been
applied to various lipid classes including TAGs [217-219] and glycerophospholipids
[174, 216, 220]. For lipid mixtures, the molecular mass of individual lipids may provide
information on the total carbon number and number of double bonds within the
esterified fatty acids. Further structural information may be gained by utilising either
PSD or CID.
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Figure 2.8 Post-source decay spectrum of the [PC(18:0/18:1)+Na]+ ion acquired on a time-offlight mass spectrometry (see Section 2.2.3). Figure adapted from reference [221].
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2.2 Mass analysers and instrumentation
2.2.1 Quadrupole mass analysers and triple quadrupole mass
spectrometers
2.2.1.1 Quadrupole mass analysers

Linear quadrupole mass analysers have four hyperbolical or cylindrical rods aligned in a
square configuration [181]. As shown in Figure 2.9, to one opposed pair of electrodes a
potential of +(U + Vcost) is applied while to the other opposed pair a potential of -(U
+ Vcost) is applied (where a fixed DC voltage is represented by U and a
radiofrequency field of amplitude, V, frequency, , over time, t, is represented by
Vcost) [182]. Thus the voltages applied to the two pairs of rods alternate in sign.
When ions travel down the central axis of the four rods the applied electric fields cause
the ions to oscillate. By selecting suitable values for the DC and RF voltages (U, V) and
frequency (), only ions of particular m/z will have stable oscillations. All other ions
have unstable oscillations and will not travel down the entire length of the quadrupole
towards the detector. By varying the values of U and V the quadrupole may scan though
a particular mass range successively allowing ions of increasing (or decreasing) m/z to
pass though the quadrupole and to the detector.
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Figure 2.9 Schematic diagram of a linear quadrupole mass analyser with four cylindrical rods.
Ions with stable trajectories travel along the z axis between the four rods. Figure adapted from
reference [181].

Quadrupoles may also be used in RF-only mode where no DC voltage is applied. In
such a mode of operation, ions of any m/z transverse the length of quadrupole and are
focused towards the axis of the quadrupole. This mode of operation is employed for
collision cells, ion guides and within triple quadrupole mass spectrometers when
performing single-stage MS. It should be noted that hexapoles and octapoles are
commonly used in place of quadrupoles as ion guides or collision cells due to the
improved wide band pass characteristics, i.e. greater m/z range in RF-only mode [181].

As mass analysers, quadrupoles have several advantages including; low cost, small
compact size, relatively high operating pressures, fast scan speeds and high ion
transmission. The main limitations are that high resolution* cannot be achieved and that
the mass range is generally limited to ions below m/z 4000.
* High resolution may be defined as resolving power m/Δm50% > 10 000, where m is the mass of
the singly-charged ion and Δm50% is the full width at half-maximum height [222].
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In many applications, high resolution and a high mass range are not required making
quadrupole mass analysers an ideal choice. This is often the case in lipid analysis and
the ESI-MS spectrum of a cow kidney lipid extract shown in Figure 2.6 was acquired on
a quadrupole platform. In this spectrum, it can be seen that the majority of
phospholipids are observed below m/z 900 and therefore the limited mass range of the
quadrupole mass analyser is not a hindrance for typical lipid analysis. From the
quadrupole ESI-MS spectrum, the nominal mass of lipid ions is determined giving
rudimentary information on lipid composition and thus probable structure. Accurate
mass measurements, however, are not possible with the quadrupole mass analyser
precluding the confident assignment of molecular formulae. To determine the structure
of lipids present within an extract, collision-induced dissociation is required.

2.2.1.2 Triple quadrupole mass spectrometers and collision-induced
dissociation (CID)

The triple quadrupole mass spectrometer was developed in the late 1970s by Yost and
Enke [223]. The original design consisted of two quadrupole mass analysers separated
by a quadrupole collision cell operated in RF-only mode with ions generated from a
dual chemical/electron ionisation source [223-225]. The three quadrupoles are
commonly referred to as Q1, q2 and Q3 in order from the ion source to the detector
(Figure 2.10) [183]. For the collision cell (q2), however, hexapoles and octapoles are
now commonly used in place of quadrupoles due to their better wide band pass
characteristics. Triple quadrupole mass spectrometers are designed for tandem mass
spectrometry (MS/MS). To acquire an MS/MS spectrum, the ion of interest, known as
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the precursor ion, is selected based on its mass-to-charge ratio using Q1 and accelerated
towards the collision cell (q2). Within the collision cell, an inert gas such as argon may
be introduced. Collisions between the precursor ions and the inert gas increase the
internal energy of the ions resulting in fragmentation, this process is known as collisioninduced dissociation (CID). The resulting product ions are then analysed by scanning
Q3 through the desired mass range [223, 224]. This mode of operation is referred to as a
product ion scan. An example of an MS/MS spectrum of a glycerophospholipid,
PA(16:0/18:1), acquired using the product ion scan mode is shown in Figure 2.11. To
acquire this spectrum, the [M-H]- precursor ion of m/z 673 was mass selected and
subjected to CID. The resulting product ions provide information on the structure of the
precursor lipid.

Q1

ESI
source

q2

Q3
Detector

Collison cell
Scan mode

Q1

MS scan*

Scanning

Product ion

Selected m/z

Precursor ion

Scanning

Neutral loss

Scanning

q2
No collision gas,
RF-only, no CID
Collision gas,
RF-only, CID
Collision gas,
RF-only, CID
Collision gas,
RF-only, CID

Q3
RF-only
Scanning
Selected m/z
Scanning with a defined offset
between Q1 and Q3

Figure 2.10 A basic schematic diagram of a triple quadrupole mass spectrometer with an ESI
source. A table is also given explaining how several important scan modes are conducted on
triple quadrupole mass spectrometers. * It is also possible to perform an MS scan in the reverse
configuration, i.e. operating Q1 in RF-only mode and scanning Q3.
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Figure 2.11 The MS/MS spectrum of PA(16:0/18:1) acquired on a triple quadrupole mass
spectrometer.

Other scan modes are possible with triple quadrupole mass spectrometers; these are the
precursor ion and neutral loss scans. To perform a precursor ion scan, Q1 is scanned
over a certain mass range and ion fragmentation occurs in the collision cell. Q3 is set to
a specific m/z to detect a product ion of interest [183]. Precursor ion scans are useful for
detecting structurally-related compounds which, upon CID, fragment to form a
structurally-informative product ion. Neutral loss scans, on the other hand, are
performed by scanning both Q1 and Q3 with a constant mass offset between both
quadrupoles [183]. As in the product and precursor ion scans, CID occurs in the
collision cell (q2). Neutral loss scans may be used to detect structurally-related
compounds which form a structurally-informative neutral fragment upon CID. Shown in
Figure 2.12 is an example of how precursor and neutral loss scans are commonly used
for the identification of phospholipids. By using a neutral loss scan to identify
phospholipids with the serine headgroup and two precursor ion scans to identify
phospholipids with the 16:0 and 18:1 substituents, a phospholipid with the
PS(16:0/18:1) structure was identified at m/z 760. A table explaining the functions of
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Q1, q2 and Q3 in the different scan modes available to triple quadrupole mass
spectrometers is given in Figure 2.10.

Figure 2.12 Common triple quadrupole scan functions used for the identification of
phospholipids ionised by negative-ion ESI; a) 87 Da neutral loss scan identifies phospholipids
with the serine headgroup. b) m/z 255 precursor scan identifies phospholipids with a 16:0
substituent. c) m/z 281 precursor scan identifies phospholipids with an 18:1 substituent. The
presence of a phospholipid at m/z 760 in all three spectra allows the identification of
PS(16:0/18:1), where the unsaturated 18:1 substituent is assumed to be in the sn-2 position.
Figure adapted from reference [226].

Triple quadrupole mass spectrometers may be considered as the workhorse of lipid
analysis. In fact, the first studies of phospholipids using ESI were performed on triple
quadrupole mass spectrometers [163, 165]. The advantages of triple quadrupole
instruments are numerous. First of all, triple quadrupole mass spectrometers are
relatively inexpensive, reliable, sensitive and require less space than other CID-capable
mass spectrometers such as quadrupole–time-of-flight instruments (see Section 2.2.3.1).
Practical considerations aside, the main advantage of triple quadrupole mass
spectrometers for lipid analysis are the capability to perform precursor and neutral loss
scans. Cole and Enke used FAB in conjunction with precursor and neutral loss scans to
detect the different classes of phospholipids within microorganisms [227]. This method
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exploits the formation of headgroup-specific product ions and neutral losses from the
different phospholipids classes. Since Cole and Enke’s study, precursor and neutral loss
scans in lipid analysis by triple quadrupole mass spectrometry have been utilised
extensively [168, 228, 229].

2.2.2 Ion-trap mass analysers and mass spectrometers

Ion-trap mass analysers are essentially modified quadrupole mass analysers that are
capable of storing ions prior to mass analysis. There are two types of ion-trap mass
analysers; these are the so-called three-dimensional (3D) and linear ion traps. A linear
ion-trap mass spectrometer (Thermo Fisher Scientific LTQ) was used for experiments
presented in this thesis; as such, linear ion traps will be the focus of the discussion here.
Linear ion traps consist of a quadrupole with electrodes at either end (see Figure 2.13).
Ions are trapped in the radial dimension by a quadrupolar field and axially by a
repulsive electric field at the ends of the ion trap. An inert gas, typically helium, is used
to collisionally cool ions and improve the performance of the ion trap. Within linear ion
traps, ions travel along the z axis between the quadrupole rods and oscillate in the xy
plane in response to a radio frequency applied to the quadrupole. Two different methods
for the ejection of ions from linear ion traps have been utilised; these are axial and radial
ejection. Axial ion ejection has been utilised in two instrument configurations based on
the triple quadrupole design where either the collision cell or final quadrupole (Q3) was
a linear ion trap [230]. The linear ion trap in these designs could also be used as a
regular quadrupole and as such the two instrument designs could be operated as regular
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triple quadrupole mass spectrometers (see Section 2.2.1.2). A linear ion trap utilising
radial ejection was developed by Schwartz [231]. To detect ions radially, slots were cut
into opposite rods (see Figure 2.13). Detectors can be placed either side of the ion trap
to detect all ions ejected through the slots.

Slot in
quadrupole rod

Figure 2.13 Schematic diagram of a linear ion trap using radial ejection. Figure is adapted from
reference [231].

The Thermo Fisher Scientific (formerly Thermo Finnigan) LTQ linear ion-trap mass
spectrometer used in experiments presented within this thesis uses radial ejection. A
schematic diagram of the LTQ is shown in Figure 2.14. Ions are formed by ESI and
introduced into the linear ion trap through a heated capillary and two multipoles
operated in RF-only mode. Ions are detected by radial ejection from the ion trap.
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Figure 2.14 Schematic diagram of a linear ion-trap mass spectrometer. Ions are generated at the
ESI source and introduced into the linear ion trap through a heated capillary and two multipoles
operated in RF-only mode. Ions are detected by radial ejection from the ion trap. Figure adapted
from reference [231].

It is also possible to perform tandem MS experiments in linear ion traps. This is done by
first isolating the ion of interest by expelling all other ions from the trap and then
exciting the isolated ion which may then collide with the helium buffer gas and
fragment. The resulting product ions and remaining precursor ions are then scanned out
of the ion trap to record the tandem mass spectrum. In this type of tandem mass
spectrometry, isolation, activation and mass analysis steps are separated “in-time” rather
than spatially as in the triple quadrupole mass spectrometer previously discussed
(Section 2.2.1.2). As such, it is possible to do multiple stages of MS, or MSn
experiments. This is done by isolating a product ion after CID and then performing
another CID step. This capability is useful in the structural characterisation of unknown
compounds or for studying the fragmentation mechanisms of compounds of known
structure. An example of the use of MSn is shown in Figure 2.15 for PS(16:0/18:1). In
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the MS2 experiment, the [PS(16:0/18:1)-H]- ion fragments predominantly via the neutral
loss of 87 Da forming a product ion at m/z 673. The 87 Da neutral loss is useful in that it
identifies the serine headgroup, however, product ions identifying the fatty acid
substituents are of low abundance in the MS2 spectrum. When CID is applied to the m/z
673 ion in the MS3 experiment, abundant product ions at m/z 391, 409, 417 and 435 are
observed allowing the fatty acid substituents of the phosphatidylserine to be identified
as 16:0 and 18:1 (see Section 2.3.1)
O
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Figure 2.15 a) MS2 spectrum of the [PS(16:0/18:1)-H]- ion and b) MS3 spectrum of the
[PS(16:0/18:1)-H-87]- product ion. Both spectra were acquired using a linear ion-trap mass
spectrometer. Figure adapted from reference [232].

The MS3 of glycerophospholipids has also been demonstrated to be useful in
determining the sn-position of the esterified fatty acids on the glycerol backbone [72,
155]. For example, Ekroos and co-workers performed MS3 on phosphatidylcholine
chloride adducts to assign fatty acid sn-position [72]. CID of phosphatidylcholine
chloride adduct ions results in the neutral loss of chloromethane to form an [M-15]product ion which can be selected for MS3. In MS3 spectra of [M-15]- product ions, fatty
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acid ketene neutral loss is only observed from the sn-2 position permitting the
assignment of the regiochemistry [72].

2.2.3 Time-of-flight mass analysers

Time-of-flight mass analysis is achieved by separating ions according to their velocities
in a field-free region known as the flight tube [183]. Initially, ions are generated from a
pulsed source such as MALDI (or periodically sampled from a continuous ion source)
and then accelerated towards the flight tube by applying a potential difference between
an electrode and an extraction grid. During this process, all ions gain the same kinetic
energy. This means that ions of smaller m/z will have greater velocities than ions of
greater m/z. When ions enter the flight tube, smaller m/z ions with greater velocities will
travel the length of the flight tube faster than the slower, larger m/z ions. Measuring the
time taken to travel the length of the flight tube allows the m/z ratios of ions to be
determined, hence the name time-of-flight. The time taken for an ion to travel the length
of the flight tube is governed by the length of the flight tube and the velocity of the ion
[183].

The original linear TOF mass spectrometers suffered from poor resolution. Two
improvements were later introduced which greatly improved the resolution of TOF
instruments. These were the development of delayed pulse extraction and the reflectron.
With delayed pulse extraction, ions are first allowed to expand in a field free region in
the source. Ions with greater kinetic energy travel closer to the detector than ions with
less kinetic energy for a given m/z ratio. After a set delay, a voltage pulse is used to
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extract ions from the source. Ions which initially had lower kinetic energy receive more
kinetic energy and effectively ‘catch up’ to the ions which initially had greater kinetic
energy [183]. Reflectrons, on the other hand, are an electrostatic reflector consisting of
equally spaced grid or ring electrodes. Reflectrons act as an electrostatic mirror
deflecting ions back through the flight tube to the detector [183]. Ions with greater
velocities travel deeper into the reflection and therefore will spend a greater length of
time in the reflectron than slower ions for a given m/z ratio. This has the effect of
bunching ions of the same m/z ratio and therefore improves the arrival time distribution
and thus the resolution. The disadvantage of this however, is that sensitivity is
decreased and an upper mass limit results.

An example of an MS spectrum of a lipid extract acquired using a TOF mass analyser is
given in Figure 2.16. The higher resolution of the TOF mass analyser is readily apparent
when compared to the triple quadrupole MS spectrum previously shown in Figure 2.6.
While accurate mass is useful in determining the molecular formula of lipids, CID is
still required to determine the chain length and degree of unsaturation for fatty acid
substituents.

Figure 2.16 The positive-ion MS spectrum of a C.elegans total lipid extract acquired on a
quadrupole–time-of-flight mass spectrometer. Figure adapted from reference [233].
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2.2.3.1 Quadrupole–time-of-flight (QToF) instruments

Quadrupole–time-of-flight (QToF) instruments may be considered as an analogue of a
triple quadrupole mass spectrometer where the final quadrupole (Q3) has been replaced
with a TOF mass analyser (see Figure 2.17 for a schematic of a QToF instrument).
QToF mass spectrometers were first developed in the mid-1990s and originally applied
to the sequencing of peptides [234, 235]. QToF instruments were found to be more
sensitive than triple quadrupole mass spectrometers when acquiring MS and MS/MS
spectra. This is because the TOF mass analyser measures the masses of all ions nearsimultaneously whereas quadrupole mass analysers have to scan a given mass range.
Furthermore, TOF mass analysers also have the advantage of higher mass accuracy and
resolution [235]. Conventional QToF mass spectrometers have been applied to lipid
analysis [236]. However, these instruments had poor sensitivity with precursor ion
scanning [237] and as such structural characterisation of molecular species had to be
performed by selecting individual ions for MS/MS [236]. In the absence of automation,
the analysis of complex lipid mixtures was laborious and not suitable for a highthroughput approach. A breakthrough in the application of QToF mass spectrometry
towards lipid analysis occurred with the development of instruments with ion trapping
abilities [237, 238]. With such instruments, ions may be trapped in the collision cell and
then released in short bursts timed with the TOF extraction pulse. This differs from
normal operation of QToF instruments where a continuous beam of ions leaves the
collision cell. QToF instruments with ion trapping abilities were demonstrated to be
effective in acquiring precursor ion scans. Moreover, multiple precursor ion scans could
be acquired simultaneously. Ekroos and co-workers applied QToF mass spectrometry
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with ion trapping abilities to analyse molecular phospholipids [72, 239]. By acquiring
multiple precursor ion scans simultaneously, the major phospholipids classes could be
detected in a single experiment. Scanning for specific fatty acid anions in a separate
experiment allowed for the characterisation of molecular phospholipids when combined
with the phospholipid class-specific scans [239]. Interestingly, the use of a QToF for
precursor ion scanning was found to be useful in enhancing the selectivity of lipid
detection. In an example given by Ekroos and co-workers, precursor ion scanning of a
lipid extract containing Triton X 100 (a commonly used surfactant) with an m/z window
of 184.00 to 184.20 resulted in the detection of both PC lipids and Triton X 100
oligomer lithium adduct ions. This occurred since the CID of Triton X 100 oligomer
lithium adduct ions results in the formation of a product ion at m/z 184.129 whereas
protonated PC ions form a product ion of m/z 184.075. By using a narrower window of
m/z 184.00 to 184.10 for precursor ion scanning, the product ion from Triton X 100 is
excluded leading to the exclusive detection of PC lipids. The method of multiple
precursor ion scanning using QToF instrumentation has since been further improved
and combined with software-based analysis of mass spectrometric data [240]. In a
different approach, Schwudke [233] and co-workers used data-dependent acquisition to
acquire MS/MS spectra for all detectable precursor ions. From the data, precursor and
neutral loss scans could be extracted to allow for the identification of molecular
phospholipids.
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Figure 2.17 Schematic diagram of a QToF instrument. Orthogonal acceleration is used to pulse
packets of ions into the TOF mass analyser. In the TOF analyser, a reflectron is used for
improved resolution and act as an ion mirror to redirect ions towards the detector. Figure
adapted from reference [237].

2.3 Lipid identification by collision-induced dissociation (CID)

Several different levels of information on lipid structure may be gained by mass
spectrometry. At the most rudimentary level, the nominal mass of the intact ionised
lipid in an MS spectrum may allow lipid class and the number of carbon atoms/double
bonds of the fatty acid chains to be determined. It should be noted, however, that
isobaric lipids of different classes are common and care must be taken when assigning
composition purely on nominal mass. Assigning structure on the basis of molecular
mass also has the major flaw that information regarding the identity of fatty acid
substituents or their position of attachment to the parent lipid is not gained. As such,
most lipidomic methods utilise collision-induced dissociation (CID) to break the
precursor ion into structurally-informative product ions. The fragmentation of ionised
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phospholipids and triacylglycerols are considered here alongside the proposed
mechanisms for these behaviours.

2.3.1 Glycerophospholipid anions

Phosphatidic acid (PA) is the simplest of all glycerophospholipids. Unlike other
glycerophospholipids classes, PA has no headgroup linked to the phosphate group (see
Section 1.1.3). As a result, PA has two acidic hydrogens on the phosphate group, one of
which is removed during ionisation in negative in mode forming the [M-H]- anion.
Shown in Figure 2.11 is the MS/MS spectrum of the [PA(16:0/18:1)-H]- ion acquired
using a triple quadrupole mass spectrometer. In this spectrum, two abundant product
ions are observed at m/z 255 and 281 corresponding to the carboxylate anions derived
from the fatty acid substituents at sn-1 and sn-2, respectively. The abundance of the m/z
255 ion from sn-1 position is greater than that of the sn-2 m/z 281 ion. Other abundant
ions are observed at m/z 391, 409, 417 and 435. The m/z 391 and 417 represent the
neutral losses of 282 and 256 Da corresponding to the 18:1 and 16:0 fatty acids,
respectively. In this case, the m/z 391 ion from the loss of the sn-2 fatty acid is more
abundant than the m/z 417 ion from the neutral loss of the sn-1 fatty acid. Conversely,
the m/z 409 and 435 ions result from the neutral loss of the 18:1 and 16:0 fatty acids,
respectively, as ketenes [241].

Two mechanisms have been proposed for the neutral loss of the fatty acids as carboxylic
acids. Originally it was proposed that fatty acid neutral loss occurred from a chargeremote fragmentation pathway involving the hydrogens of the glycerol backbone
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(Scheme 2.3) [162, 175]. The preferential loss of the sn-2 fatty acid was attributed to the
fact that the sn-2 fatty acid has four -protons that can participate in the rearrangement
(i.e. two at sn-1 and two at sn-3) while the sn-1 fatty acid has access to one such proton
at the sn-2 position. This mechanism however, did not agree with a deuterium labelling
experiment which demonstrated that the acidic phosphate deuteron was selectively
removed with the neutral loss of either the sn-1 or sn-2 fatty acid [241]. Consequently
another mechanism was proposed to rationalise this experimental result. This
mechanism involves nucleophilic attack of the phosphate anion at either the sn-2 or sn-1
position to form a 5- or 6-membered cyclic lysophosphate as outlined in Scheme 2.4(a)
and (b), respectively [241]. The carboxylate anion and the cyclic lysophosphate may
form an ion-molecule complex where the carboxylate anion can abstract a proton from
the acidic lysophosphate resulting in the neutral loss of a carboxylic acid and the
formation of the observed [M-H-RχCO2H]- anion. The preferential loss of the sn-2 fatty
acid is supported by quantum chemical calculations that determined that attack on the
sn-2 position requires approximately 12 kJ/mol less energy than at the sn-1 position
[242]. Moreover, the formation of the 5-membered ring from sn-2 attack may be
entropically favoured over the formation of the 6-membered ring from sn-1 attack.
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Scheme 2.3 Charge-remote mechanism for the neutral loss of the sn-2 fatty acid from PA
involving the hydrogens of glycerol backbone.
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Scheme 2.4 Nucleophilic substitution reaction mechanism for the neutral loss of the a) sn-2 and
b) sn-1 fatty acids from PA. The brackets indicate an intermediate ion-dipole complex for both
mechanisms.

The neutral loss of either the sn-1 or sn-2 fatty acid as a ketene to produce a
lysophosphatidic anion, [M-H-ŔχCH=C=O]-, is also observed in the MS/MS spectra for
PA anions. These [M-H-ŔχCH=C=O]- ions were observed at m/z 409 and 435 in the
MS/MS spectrum of PA(16:0/18:1) (Figure 2.11). This fragmentation mechanism is
proposed to be initiated by abstraction of an -hydrogen of a fatty acid substituent as
outlined in Scheme 2.5 [241]. The ketene elimination from the sn-2 position has been
demonstrated to be favoured over ketene elimination from the sn-1 position. This may
be because elimination from the sn-2 position involves an 8-membered transition state
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that is entropically favoured over the 9-membered cyclic transition state for sn-1 ketene
elimination.
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Scheme 2.5 Ketene elimination from the a) sn-2 and b) sn-1 positions of PA.

Secondary fragmentation of the [M-H-RχCO2H]- ions after fatty acid neutral loss is
believed to be the dominant pathway for the formation of fatty acid carboxylate anions
(Scheme 2.6). This is supported by a number of experimental observations; 1) under
very low energy CID conditions the fatty acid carboxylate anions are of lower
abundance than ions resulting from fatty acid neutral loss, 2) CID of source-formed [MH-RχCO2H]- ions yield fatty acid carboxylate anions in high yield [241]. Furthermore,
the fatty acid neutral loss pathways dominate in ion-trap CID spectra where secondary
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fragmentation processes are less likely. The observation that the sn-1 carboxylate anion
is more abundant than the sn-2 carboxylate anion is attributed to the fact that the fatty
acid neutral loss occurs preferentially from the sn-2 position.
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Scheme 2.6 Mechanisms for the formation of the carboxylate anions from the a) sn-1 position
and b) sn-2 position.

In addition to the [M-H-RχCO2H]-, [M-H-ŔχCH=C=O]- and RχCO2- product ions, an ion
of m/z 153 is also observed in the MS/MS spectrum of PA(16:0/18:1) (Figure 2.11).
This is believed to result predominantly from secondary fragmentation of [M-HŔχCH=C=O]- ions. A nucleophilic substitution mechanism analogous to Scheme 2.4
results in the neutral loss of either the sn-1 or sn-2 fatty acid (Scheme 2.7). This is
supported by the CID of source-formed [M-H-ŔχCH=C=O]- ions which yields the m/z
153 ion in high abundance [241].
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Scheme 2.7 Mechanisms for the formation of the m/z 153 product ion from secondary
fragmentation of the a) [M-H-Ŕ2CH=C=O]- and b) [M-H-Ŕ1CH=C=O]- ions.

The main fragmentation mechanisms for other glycerophospholipids classes are similar
to those described for PA. The nature of the headgroup, however, does influence the
fragmentation processes. For PS, the facile neutral loss of the serine headgroup occurs
to form a PA [M-H]- product ion (see Figure 2.15a) [232, 243]. Two mechanisms have
been proposed by Hsu and Turk to account for this neutral loss [232]. The first involves
deprotonation of the amine functional group followed by a nucleophilic substitution
reaction where the phosphate anion is the leaving group (Scheme 2.8a). Alternatively,
deprotonation of the carboxylic acid group may also occur followed by nucleophilic
substitution (Scheme 2.8b). Both of these reaction mechanisms lead to the formation of
a product ion with the same structure as the analogous [PA-H]- species thus all further
dissociation can be considered as deriving from such an ion, indeed this has been
demonstrated by MS3.
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Scheme 2.8 Mechanisms for the neutral loss of the serine group from PS involving a) the amine
group and b) the carboxylate group.

For other glycerophospholipid classes, the headgroup has a more direct influence on the
fragmentation behaviour. The glycerophospholipids PE, PG and PI are monoprotic acids
with a single acid phosphate hydrogen (see Section 1.1.3). The MS/MS spectra of
representative lipids from these glycerophospholipid classes are shown in Figure 2.18.
Fatty acid neutral loss from both the sn-1 and sn-2 positions still occurs for these
phospholipid classes as observed for PA (for example, m/z 434 and 460 ions in the CID
spectrum of PE(16:0/18:1) from the neutral loss of oleic and palmitic acid,
respectively). Deuterium labelling of the inositol hydroxyl groups of PI demonstrated
that fatty acid neutral loss involves the deprotonation of the inositol headgroup (Scheme
2.9) [244]. Interestingly, in a similar experiment involving the deuterium labelling of
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the glycerol headgroup it was found that both an exchangeable hydrogen from a
glycerol hydroxyl group and a non-exchangeable hydrogen were lost [245]. These data
suggest that two competing mechanism are responsible for fatty acid neutral loss from
PG, one involving deprotonation of the PG headgroup by the fatty acid carboxylate
group (analogous to Scheme 2.9) and another involving the glycerol backbone
hydrogens via an elimination reaction (analogous to Scheme 2.3) [245]. Conversely,
deuterium labelling of the PE headgroup has demonstrated that deprotonation of the
primary amine group of PE does not occur suggesting that fatty acid neutral loss is
driven solely by an elimination reaction involving the glycerol backbone hydrogens
(analogous to Scheme 2.3) [246].
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Figure 2.18 MS/MS spectra of the [M-H]- ions of a) PE(16:0/18:1) b) PG(16:0/18:1) and c)
PI(16:0/18:2) (adapted from references [244-246]). All spectra were acquired on a triple
quadrupole mass spectrometer with an electrospray ion source.
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Scheme 2.9 The neutral loss of the sn-2 fatty acid from PI. A nucleophilic substitution reaction
displaces the carboxylate anion which then abstracts a proton from a hydroxyl group of the PI
headgroup.

For all glycerophospholipid classes, the neutral loss of the fatty acid substituents as
ketenes also occurs. The mechanism for fatty acid ketene neutral loss from PE, PG and
PI [M-H]- anions has been proposed to be the same as shown in Scheme 2.5 [244-246].
Conversely, differences in the mechanisms for the formation of RχCO2- ions has been
observed. For PI, RχCO2- ions are formed from fragmentation of the primary product
ions resulting from the neutral loss of the fatty acid substituents as carboxylic acids and
as ketenes (RχCO2- ions are observed at m/z 255 and 279 for PI(16:0/18:2) in Figure
2.18c) [244]. This is because deprotonation of the PI headgroup occurs after
displacement of the fatty acid carboxylate anion (Scheme 2.9). For PG and PE however,
RχCO2- ions (observed at m/z 255 and 281 in Figure 2.18a and b) are formed primarily
from the [M-H]- precursor ions [245, 246]. This reaction is driven by nucleophilic attack
on either the sn-1 or sn-2 glycerol carbons forcing the displacement of the R1CO2- or
R2CO2- anion, respectively. This is analogous to the mechanism for fatty acid neutral
loss from PA (Scheme 2.4). The PE headgroup though is not sufficiently acidic for
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deprotonation of the headgroup to occur leading directly to the formation of the R1CO2and R2CO2- anions (Scheme 2.10) [246]. Deprotonation of the PG headgroup by the
departing fatty acid carboxylate anion was observed though only as a minor process
[245].
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Scheme 2.10 The mechanism for the formation of fatty acid carboxylate anions from the a) sn-2
and b) sn-1 positions.

Phosphatidylcholine (PC) lipids do not form [M-H]- ions due to the presence of a
quaternary nitrogen on the phosphocholine headgroup. PC therefore has to be adducted
to anions to be analysed in negative-ion ESI. For anionic adducts of PC such as
[M+OAc]- and [M+Cl]- ions, the first main fragmentation is the demethylation of PC to
form an [M-15]- ion [247]. This can be seen in Figure 2.19 for the MS/MS spectrum of
the PC(16:0/18:1) acetate adduct ion at m/z 818 where a major product ion at m/z 744 is
observed corresponding to the [M-15]- ion. This is proposed to occur via nucleophilic
attack on a methyl group of the quaternary nitrogen of PC by the anionic adduct
(Scheme 2.11). Further fragmentation of the [M-15]- is essentially identical to the PE
[M-H]- ion due to the lack of acidic protons on the N,N-dimethylethanolamine
headgroup.
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Figure 2.19 MS/MS spectrum of the PC(16:0/18:1) acetate adduct ion acquired on an ion-trap
mass spectrometer. The [M+OAc]- ion was formed by the electrospray ionisation of a
methanolic solution of PC(16:0/18:1) with 100 µM sodium acetate.
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Scheme 2.11 The formation of the [M-15] ion from the acetate adduct ion of PC.

Significantly with regards to this thesis, product ions are not observed in the MS/MS
spectra of PA, PE, PG, PS, PI and PC anions that allow double bond position to be
determined within unsaturated acyl chains.
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2.3.2 Glycerophospholipid cations

Phosphatidylcholine (PC) forms abundant [M+H]+ ions upon ESI and MALDI due to
the fixed positive charge of the quaternary nitrogen on the phosphocholine headgroup.
Furthermore, PC also forms abundant metal ion adducts with the alkali metals lithium
and sodium when ionised in the presence of such salts [248, 249]. As such, PC lipids are
commonly

analysed

in

positive-ion

mode.

The

MS/MS

spectrum

of

the

[PC(16:0/18:1)+H]+ ion is shown in Figure 2.20 and displays an abundant product ion at
m/z 184. This ion corresponds to the phosphocholine ion and thus provides a marker for
the PC headgroup. The mechanism for the formation of the m/z 184 phosphocholine ion
was originally believed to involve the hydrogens of the glycerol backbone [162].
Deuterium labelling experiments, however, demonstrated the involvement of hydrogens
from the fatty acid acyl chains [249]. This lead to the proposal of the mechanism shown
in Scheme 2.12. Nucleophilic attack by the carbonyl group of the sn-2 fatty acid
substituent onto the glycerol backbone leads to the displacement of the neutral
zwitterionic phosphocholine. The phosphate anion of phosphocholine then abstracts a
proton from the α-position of the sn-2 fatty acid forming the m/z 184 phosphocholine
ion. Deuterium labelling experiments have demonstrated that involvement of the sn-1
fatty acid in the formation of the m/z 184 ion is also possible. This results in the
formation of a six-membered cyclic neutral. Ions corresponding to the neutral losses of
the sn-1 and sn-2 fatty acids as carboxylic acids (e.g. m/z 478 and 504 in Figure 2.20)
and ketenes (e.g. m/z 496 and 522 in Figure 2.20) are of very low abundance. Fatty acid
neutral loss as a ketene occurs preferentially from the sn-2 position. Conversely, the
neutral loss of the sn-1 and sn-2 fatty acids as carboxylic acids occurs without
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preference to sn-position. The low abundance of ions resulting from fatty acid neutral
loss means that assigning the identities of fatty acid substituents is often not possible for
molecular PC lipids of low abundance in biological extracts.
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Figure 2.20 The MS/MS spectrum of the [M+H]+ ion of PC(16:0/18:1). Figure adapted from
reference [250].
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Scheme 2.12 The proposed mechanism for the formation of the m/z 184 phosphocholine ion
involving the sn-2 fatty acid substituent.

PC is commonly adducted to lithium or sodium ions as their CID spectra provide a
greater diversity of abundant product ions. The CID spectrum of the [M+Li]+ ion of
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PC(16:0/9Z-18:1) acquired on a triple quadrupole mass spectrometer is shown in Figure
2.21. From this spectrum it can be seen that the fragmentation of the PC lithium adduct
is considerably more complex than that of protonated PC. An ion at m/z 707 is observed
in the MS/MS spectrum of the PC(16:0/9Z-18:1) lithium adduct representing a neutral
loss of 59 Da and corresponds to the neutral loss of trimethylamine. The neutral loss of
trimethylamine has been rationalised by nucleophilic attack of the phosphate anion onto
the choline group (Scheme 2.13) [249]. Abundant product ions are also observed at m/z
577 and 583 corresponding to the neutral losses of 189 and 183 Da, respectively. The
[M+Li-189]+ and [M+Li-183]+ ions result from the neutral loss of the phosphocholine
group both with and without lithium. The formation of these two ions is believed to be
driven by the same mechanism. The carbonyl group of either the sn-1 or sn-2 fatty acids
is proposed to drive the loss of the phosphate group via a nucleophilic substitution
reaction [249]. The departing phosphate anion may then abstract a lithium ion to form
the [M+Li-189]+ ion or a proton to form the [M+Li-183]+ ion. Deuterium labelling
experiments have demonstrated that the proton for the neutral loss of the
phosphocholine group comes from the α-position of a fatty acid substituent. Ions
resulting from the neutral loss of the sn-1 and sn-2 fatty acids both as free fatty acids
and as fatty acid lithium salts are observed. These fatty acid neutral losses occur both
directly from the [M+Li]+ ion (e.g. m/z 484 and 510 in Figure 2.21) and the [M+Li-59]+
ion (e.g. m/z 425 and 451 in Figure 2.21). In both cases, fatty acid neutral loss occurs
preferentially from the sn-1 position. Deuterium labelling experiments have shown that
the proton for the neutral loss of a free fatty acid comes from the α-position of the
neighbouring fatty acid group [249]. Therefore, it is believed that the mechanism for
fatty acid neutral loss is driven by a nucleophilic substitution reaction involving the
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carbonyl group of the neighbouring fatty acid group. The CID behaviour of [PC+Na]+
ions is nearly identical to PC lithium adduct ions with respect to the major dissociation
pathways and is explored in greater detail in Chapter 5.
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Figure 2.21 MS/MS spectrum of the [PC(16:0/18:1)+Li]+ ion acquired on a linear ion-trap mass
spectrometer. Figure adapted from reference [248].
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Scheme 2.13 The neutral loss of trimethylamine from the phosphocholine headgroup of a PC
lithium adduct ion.
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2.3.3 Triacylglycerol (TAG) cations

TAGs do not readily form [M+H]+ ions by ESI due to the absence of a sufficiently basic
functional groups for protonation to occur. Abundant ammonium and alkali metal
adduct ions, however, may be formed by positive-ion ESI in the presence of an
appropriate salt [212]. The CID spectra of TAG ammonium adducts are dominated by
ions corresponding to the loss of the sn-1/sn-3 and sn-2 fatty acids with ammonia. This
allows chain length and degree of unsaturation of the three esterified fatty acids to be
determined. Shown in the Figure 2.22 is the MS/MS spectrum of the [M+NH4]+ ion of
TAG(16:0/16:0/16:0). An abundant ion is observed at m/z 551 resulting from the
combined neutral loss of ammonia and a fatty acid, i.e. [M+H-NH3-RCO2H]+. In this
case, the sn-1/sn-3 and sn-2 fatty acids are the same, however, it has been demonstrated
that the loss of the sn-1/sn-3 fatty acids is preferred over the loss of the sn-2 fatty acid.
The fragmentation mechanisms for TAG ammonium adducts has been studied by
McAnoy and co-workers [251]. Using deuterium labelling, it was demonstrated that the
glycerol hydrogens and the α-methylene hydrogens were not lost with the neutral fatty
acid or ammonia. Deuterium labelling of the ammonium group however, resulted in the
neutral loss of RχCO2D and ND3. This lead to the proposal of the mechanisms shown in
Scheme 2.14 where the ammonia and fatty acid neutral losses were rationalised by an
elimination mechanism.
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Figure 2.22 CID spectrum of the [TAG(16:0/16:0/16:0) +NH4]+ ion acquired on an ion-trap
mass spectrometer. Figure adapted from reference [251].
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Scheme 2.14 The proposed mechanism for the neutral losses of ammonia with the a) sn-1/sn-3
fatty acid and b) sn-2 fatty acid.

The CID spectrum of the sodium adduct of TAG(18:1/18:1/18:1) is shown in Figure
2.23. Two abundant product ions are observed at m/z 625 and 603 corresponding to the
neutral losses of an 18:1 fatty acid as a free carboxylic acid and as a sodium salt,
respectively. No product ions were observed that could identify the position of carboncarbon double bonds within the 18:1 acyl chains. The fragmentation mechanisms for
TAG-alkali metal adducts have been investigated by Hsu and Turk [252, 253]. Using
deuterium labelled standards it was found that fatty acid neutral loss for [TAG+Li]+ ions
involved the loss of a hydrogen from a neighbouring fatty acid substituent. This led to
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the proposal of the mechanisms for the formation of the analogous [M+Na-RχCO2H]+
and [M+Na-RχCO2Na]+ ions shown in Scheme 2.15. Nucleophilic attack by the
carbonyl group of a fatty acid substituent onto the glycerol backbone results in the
displacement of a fatty acid carboxylate anion. The carboxylate anion may then abstract
either a proton to form the [M+Na-RχCO2H]+ ion or the sodium cation to form the
[M+Na-RχCO2Na]+ ion.

O

Na

O
O
O

O
O

[M+Na]+

Figure 2.23 The MS/MS spectrum of the [M+Na]+ ion of TAG(18:1/18:1/18:1) from olive oil.

123

O
R1

O
O

O
O

b

Na
O

R3
R1

R2'

O

O
O

O

O

H

a

O
R1

+

O

O

R2'
b

Na

O

R3

O

O

OH
R2'

R3

O

a

O

Na

R1

+

O

O

R3

O

ONa
R2'

Scheme 2.15 Mechanisms for the formation of the a) [M+Na-R1CO2H]+ and b) [M+NaR1CO2Na]+ ions from TAG sodium adduct ions.

In the case of TAGs with three different fatty acid substituents, the neutral loss of the
sn-1 and sn-3 fatty acids is preferred over the loss of the sn-2 fatty acid. This can be
seen in the MS/MS spectrum of the [TAG(16:0/18:0/18:1)+Li]+ ion where ions at m/z
577 and 583, representing the neutral loss of 18:0 as a carboxylic acid and lithium salt,
are of lower abundance than ions resulting from the neutral loss of 16:0 and 18:1 fatty
acids at m/z 579, 585, 605 and 611 (Figure 2.24).
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Figure 2.24 The MS/MS spectrum of the [TAG(16:0/18:0/18:1)+Li]+ ion acquired on a triple
quadrupole mass spectrometer. Figure adapted from reference [253].

2.4 Determining double bond position by mass spectrometry

In the examples given previously, product ions identifying carbon-carbon double bond
position were not observed under conventional low-energy CID with even-electron lipid
ions. As such, assigning double bond position within complex lipids (i.e.,
phospholipids, triacylglycerols etc.) by mass spectrometry is particularly challenging.
Earlier efforts were centered on assigning double bond position within fatty acids since
fatty acid derivatives are compatible with gas chromatography with detection by EI-MS.

The following section provides a detailed review of methods currently available for
determining double bond position in unsaturated lipids beginning with fatty acid
analysis and progressing through to recent developments for complex lipids.
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2.4.1 EI of fatty acid derivatives

As illustrated in Figure 2.2 (see Section 2.1.1), conventional EI of fatty acid methyl
esters (FAMEs) that differ only in the position of their double bonds are virtually
indistinguishable. Thus identification of isomeric FAMEs by GC-(EI)MS relies solely
on comparison of retention times. Since fatty acid methyl esters do not allow direct
assignment of double bond position, researchers have investigated other fatty acid
derivatives. Two general approaches have been used; these involve either double bond
or carboxylic acid derivatisation. Derivatisation of the double bond promotes
fragmentation around the location of the initial double bond leading to the formation of
structurally-diagnostic ions. Niehaus and Ryhage used this approach where they
converted carbon-carbon double bonds to diols by oxidation with permanganate or
osmium tetroxide. Conversion of the hydroxyl groups to methoxy groups resulted in a
derivative amenable to GC-MS analysis [254, 255]. Fragmentation was observed
between methoxy substituted carbons that indicated the site of the double bond in the
underivatised fatty acid (Figure 2.25).
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Figure 2.25 EI mass spectrum of the dimethoxy derivative of the palmitoleic acid (16:1 n-7)
methyl ester. Ions observed at m/z 129 and 201 occur from a cleavage between the two methoxy
groups and indicate the site of the double bond in the underivatised fatty acid. Figure adapted
from reference [254].

Other double bond derivatives have been used successfully including epoxide [256],
methoxybromo [257], methoxy (by methoxymercuration-demercuration) [258], Oisopropylidene [259], methylthiol [260] and trimethylsilyl [261-263] derivatives. Of
these methods, trimethylsilyl derivatives were arguably the most widely employed
double bond derivative [188] and were prepared by converting double bonds to diols by
osmium tetroxide oxidation followed by conversion of the hydroxyl groups to
trimethylsilyl groups [261-263]. The fragmentation of trimethylsilyl derivatives of
monounsaturated fatty acids results in the formation of two abundant product ions from
a single cleavage between the two substituted carbons (Figure 2.26). These two product
ions clearly indicate the location of the double bond in the underivatised fatty acid.
Other product ions are of low abundance for trimethylsilyl derivatives simplifying data
analysis. Using low-energy EI-MS, Schmitz and Egge demonstrated that trimethylsilyl
derivatives could be used to the elucidate double bond positions of polyunsaturated fatty
acids containing up to six double bonds [262]. For conjugated fatty acids, Diels-Alder
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adducts with 4-methyl-1,2,4-triazoline-3,5-dione have proved useful for determining
sites of unsaturation [264].
O

(H3C)3Si

Si(CH3)3

O
259
B

215
A

Figure 2.26 The EI mass spectrum (20 eV) of the trimethylsilyl derivative of the methyl ester of
elaidic acid (18:1 n-9 trans). Two major product ions are observed at m/z 215 and 259 from
cleavage of the C-C bond between the two trimethylsilyl ether groups. Figure adapted from
reference [261].

The other approach for determining double bond position in fatty acids by EI-MS is
derivatisation of the carboxylic acid functional group. Vetter and co-workers first
proposed the used of pyrrolidine derivatives for determining double bond position in
unsaturated fatty acids [265]. Later, Andersson and co-workers investigated the
fragmentation of pyrrolidine derivatives of monounsaturated and polyunsaturated fatty
acids [266, 267]. The EI-MS spectra of two isomeric fatty acid pyrrolidine derivatives
are shown in Figure 2.27. Ions with spacings of 14 Da are observed until the site of
unsaturation is reached where a spacing of 12 Da is observed identifying the location of
the double bond. While pyrrolidine derivatives may be used to determine double bond
position, picolinyl ester and 4,4-dimethyloxazoline derivatives are now the preferred
derivatives for gaining structural information by GC-MS [138, 268]. Picolinyl esters of
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unsaturated fatty acids were first studied by Harvey [269, 270] followed several years
later by the use of 4,4-dimethyloxazoline derivatives for determining double bond
position in unsaturated fatty acids [271-273]. Pyrrolidine, picolinyl ester and 4,4dimethyloxazoline derivatives all contain a nitrogen atom which carries the charge
when ionised by EI. This overcomes the problem of double bond migration observed
with methyl esters of fatty acids [138]. Representative EI mass spectra of picolinyl ester
and 4,4-dimethyloxazoline derivatives of cis-vaccenic acid are shown in Figure 2.28.
Using picolinyl ester and 4,4-dimethyloxazoline derivatives, for example, nonmethylene interrupted fatty acids from limpet gonads [33, 274] and n-4 fatty acids from
marine mussels [39] have been characterised.

Figure 2.27 The EI-MS spectra of the pyrrolidine derivatives of a) petroselinic acid (18:1 n-12)
and b) cis-vaccenic acid (18:1 n-7). Ions with spacings of 14 Da are observed until the site of
unsaturation is reached where a spacing of 12 Da is observed. This identifies the location of the
double bond. Figure adapted from reference [267].
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Figure 2.28 The EI mass spectra of cis-vaccenic acid (18:1 n-7) as the a) picolinyl ester and b)
dimethyloxazoline derivative. Figure adapted from reference [138].

2.4.2 Collision-induced dissociation (CID) of fatty acids

The CID spectra of even-electron fatty acid ions produced by FAB and ESI have been
previously studied in great detail. Earlier experiments used FAB for ion generation and
fragmentation was achieved using high-energy CID (typically ~7-10 keV) on sector
mass spectrometers. Tomer and co-workers first reported that high-energy CID of [MH]- ions allowed double bond position to be determined in monounsaturated fatty acids
[275]. Two abundant ions were observed from cleavages allylic to the double bond
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which locate the position of unsaturation (Figure 2.29). Unfortunately, the CID spectra
of deprotonated polyunsaturated fatty acids are difficult to interpret [275, 276].
Moreover, it is impossible to determine the site of unsaturation for polyunsaturated fatty
acids containing four or more double bonds [277]. This is because the neutral loss of
carbon dioxide dominates in their CID mass spectra.
O
O
B

A

Figure 2.29 The high-energy CID spectrum of the [M-H]- ion of elaidic acid (18:1 n-9 trans).
Figure adapted from reference [275].

The fragmentation of ions formed between fatty acids and metals from the alkali and
alkaline earth groups were studied to provide avenues for greater structural detail to be
obtained by CID. Adams and Gross examined a range of alkali metal adducts by FABMS/MS [278]. Both [M+Cat]+ and [M-H+2Cat]+ ions, where Cat = Li+, Na+, K+, Rb+
and Cs+, could be generated by FAB and were subjected to high-energy CID. The
[M+Li]+ and [M-H+2Li]+ were found to undergo structurally-informative charge-remote
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fragmentation. This allowed the double bond position to be determined for unsaturated
fatty acids. Furthermore, unlike the CID of deprotonated ions, the lithium adducts
provided excellent structural detail even for highly unsaturated fatty acids such as 22:6
n-3 (Figure 2.30) [278]. Conversely, dissociation of the fatty acid-cation adduct was
observed to form the Cs+ ion at m/z 133 for the cesium adduct and did not provide
structurally-informative product ions. Protonated fatty acids were also found not to form
structurally-informative product ions from charge-remote processes [278]. Recently,
high-energy CID of fatty acid lithium adducts have been analysed using an optimized
MALDI method on a tandem time-of-flight mass spectrometer (TOF-TOF) [279]. This
demonstrated that high-energy CID (ca. 1 keV) of fatty acid-metal ion adducts can be
performed using modern instrumentation.
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Figure 2.30 The high-energy CID spectrum of the [M-H+2Li]+ ion of 22:6 n-3. Product ions are
observed which allow the location of all six double bonds of DHA to be located. Figure adapted
from reference [278].

Davoli and Gross investigated the fragmentation of alkaline earth metal ion adducts by
FAB-MS/MS [280]. [M-H+Cat]+ ions were successfully formed using FAB, where Cat
= Mg2+, Ca2+, Sr2+ and Ba2+. High-energy CID of alkaline earth metal adducts was
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found to result in charge-remote fragmentation allowing the determination of double
bond position. Barium adduct ions were preferred since the large mass of barium shifted
the fatty acid-cation adduct to a higher m/z region where background chemical noise
was reduced [280]. An MS/MS spectrum of the barium adduct of oleic acid is shown in
Figure 2.31.
O
BaO
a

b

Figure 2.31 The high-energy CID spectrum of the barium adduct of oleic acid (18:1 n-9). Ions
indicating the position of the double are marked ‘a’ and ‘b.’ Figure adapted from reference
[280].

With the proliferation of applications of ESI in the 1990’s, several researchers
investigated the fragmentation of ESI-formed fatty acid ions. Conventional ESI
equipped mass spectrometers, such as triple quadrupole and ion-trap mass
spectrometers, are not capable of high-energy CID such as those used in the early FABMS/MS studies. Rather fragmentation is achieved by low-energy CID (i.e., < 100 eV).
Kerwin and co-workers first analysed the low-energy CID of deprotonated fatty acid
anions on a triple quadrupole mass spectrometer [210]. The results from the low-energy
CID of ESI formed ions differed substantially from those obtain by Tomer using FABMS/MS. Monounsaturated and diunsaturated fatty acids displayed a prominent loss of
water with minimum fragmentation of carbon-carbon bonds [210]. The fragmentation of
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fatty acids with greater degrees of unsaturation had ions indicative of double bond
position in higher abundance. This can be seen in Figure 2.32 where the MS/MS spectra
of the isomeric fatty acids, α-linolenic acid (18:3 n-3) and γ-linolenic acid (18:3 n-6),
are shown. Differences in the spectra of these two isomeric fatty acids are observed,
however, many abundant non-structurally diagnostic ions are also present. Moreover,
structurally-informative product ions were found to be unpredictable for unsaturated
fatty acid anions. Therefore, unambiguous assignment of double bond position within
an unknown requires comparison to an authentic standard [210].

(a)

(b)

Figure 2.32 The MS/MS spectra of the [M-H]- ions of a) γ-linolenic acid (18:3 n-6) and b) αlinolenic acid (18:3 n-3) acquired on a triple quadrupole mass spectrometer equipped with an
electrospray ionisation source. Figure adapted from reference [210].

For reasons stated above, the use of [M-H]- ions for fatty acid structural characterisation
has largely been ignored. Recently however, Yang and co-workers published a new
method for the identification of isomeric fatty acids based on the fragmentation of [MH]- ions [281]. Differences in product ion signal intensity profiles versus collision
134

energy were observed for positional isomers of unsaturated fatty acid. This involved
plotting the abundance of either the [M-H-H2O]- or [M-H-CO2]- product ions over a
specific range of collision energies. It was found that product ions intensities were
greater when the double bonds were closer to the carboxylate group. For example, the
product ion abundance for 22:5 n-6 was observed to be greater than 22:5 n-3 allowing
the distinction of these two isomers [281]. A major assumption is made in this method
for the identification of unknown fatty acid isomers. That is, that only a small number of
isomers are possible. For example, a fatty acid with 22 carbons and five double bonds
could only be 22:5 n-6 or 22:5 n-3 where the five double bonds are methylene
interrupted. The possibility of polymethylene-interrupted or conjugated double bonds is
not considered. While such fatty acids are uncommon, the inability to confidently
identify these fatty acids presents a major limitation to this technique. This limitation
arises because isomer-specific ions are not observed in the low-energy CID spectra of
deprotonated fatty acids. Therefore, while this method maybe useful for the
differentiation of common positional isomers, the determination of double bond position
within unusual fatty acids is not possible.

Hsu and Turk, extended the earlier work of Adams and Gross on fatty acid-alkali metal
adduct ions [278] and demonstrated that structurally-informative fragmentations are
accessible on an ESI triple quadrupole mass spectrometer [282]. [M-H+2Li]+ ions were
found to allow double bond positions to be located in a range of fatty acids including
highly unsaturated fatty acids such as DHA (22:6 n-3). The spectra of the [M-H+2Li]+
ions of α-linolenic acid (18:3 n-3) and γ-linolenic acid (18:3 n-6) are shown in Figure
2.33. Comparison to the MS/MS spectra of the deprotonated ions of the same fatty acids
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(Figure 2.32) shows a significant improvement in the ability to differentiate these
isomeric fatty acids. Furthermore, the fragmentation of the dilithiated fatty acid ions
was found to be more predictable than the deprotonated ions. In contrast to the highenergy CID results of Adams and Gross, Hsu and Turk found that low-energy CID of
[M+Li]+ ion did not result in the formation of structurally-informative product ions
[282].
(a)

(b)

Figure 2.33 The low-energy CID spectra of the [M-H+2Li]+ ions of a) α-linolenic acid (18:3 n3) and b) γ-linolenic acid (18:3 n-6) acquired on a triple quadrupole mass spectrometer. Figure
adapted from reference [282].

In a more recent study by Hsu and Turk, the fragmentation of dilithiated adducts was
investigated using ion-trap mass spectrometry. Abundant ions indicative of double bond
position were observed for both monounsaturated and polyunsaturated fatty acids [283].
Shown in Figure 2.34 are the CID spectra of the 18:1 n-9 and 18:1 n-7 [M+2Li-H]+ ions
acquired on a linear ion-trap mass spectrometer. For the 18:1 n-9 fatty acid, two
abundant ions are observed at m/z 197 and 141 which were proposed to occur from the
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cleavage of the C11-C12 and C7-C8 bonds, respectively. Conversely for the 18:1 n-7
isomer, this pair of ions are observed at m/z 225 and 169. These ion pairs, in addition to
other structurally-informative ions allow the assignment of double bond position [283].
This is a significant improvement over existing CID techniques due to the high
abundances of structurally-informative product ion. Unfortunately, other less
informative ions are observed in the MS/MS spectra of dilithiated fatty acids which
complicate the elucidation of double bond location. For example, the m/z 141 ion
attributed to the C7-C8 bond cleavage in the 18:1 n-9 MS/MS spectrum is also observed
in the CID spectrum of 18:1 n-7. This is significant since in a native sample the
presence of isobaric product ions may obscure the identification of other positional
isomers of low abundance. This technique, however, is amenable to modern lipid mass
spectrometry and can clearly identify the most abundant positional isomer.

(a)

(b)
[M-H+2Li]+
[M-H+2Li]+

Figure 2.34 The low-energy CID spectra of the [M+2Li-H]+ ions of a) 18:1 n-9 and b) 18:1 n-7.
Both spectra are acquired on a linear ion-trap mass spectrometer. Figure adapted from reference
[283].

In an interesting analytical application of fatty acid-metal ion adducts, Zehethofer used
fatty acid-barium adducts to analyse human plasma free fatty acids [284]. This study
utilised ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) with
barium acetate being introduced post column to form abundant [M-H+Ba]+ ions from
ESI. Fragmentation similar to [M-H+2Li]+ ions was observed allowing double bond
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position to be determined (Figure 2.35). This method is a particularly powerful method
for analysing fatty acids. Chromatographic separation of fatty acids eliminates the
possibility of complications arising from the isotopes of barium since fatty acids
differing only in the number of double bonds do not co-elute. Furthermore, alkaline
earth metal ions readily form [M-H+Cat]+ ions thus only one abundant ion should be
formed per fatty acid greatly simplifying data analysis.

Figure 2.35 The MS/MS spectrum of the [M-H+Ba]+ ion of 18:2 n-6 trans. Figure adapted from
reference [284].

The fragmentation of other metal ion adducts have also been studied by low-energy
CID. Afonso and co-workers conducted a detailed study of the fragmentation processes
of copper(II)-fatty acid complexes [285]. Electrospray ionisation of a methanolic
solution containing a fatty acid and CuCl2 resulted in the formation of [M-H+CuII]+
ions. CID of fatty acid [M-H+CuII]+ ions resulted in C-C bond cleavages from the
reduction of Cu(II) to Cu(I) and the neutral loss of an alkyl radical. For unsaturated fatty
138

acids, this series of product ions was disrupted at the site of a double bond resulting in a
gap of 26 Da allowing double bond position to be determined (Figure 2.36).
Interestingly, differences in the fragmentation of cis and trans isomers were also
observed allowing geometric isomers to distinguished (Figure 2.36). Unfortunately,
from the result of Afonso et al., it appears that fatty acid-copper(II) complexes are
difficult to form in high purity as significant abundances of protonated, sodiated and
dimeric ions were also observed. Furthermore, copper has two abundant stable isotopes;
63

Cu (69%) and

65

Cu (31%). Within a complex mixture of fatty acids, overlap of fatty

acid-Cu(II) isotopologue distributions would result in significant complications in data
analysis.
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Figure 2.36 The CID spectra of the [M-H+CuII]+ ions of a) oleic acid (9Z-18:1) and b) elaidic
acid (9E-18:1) acquired on an ion-trap mass spectrometer. The spacing of 26 Da between the
m/z 205 and 231 ions locate the position of unsaturation. The difference in the relative
abundance of the m/z 285 ion (- 44 Da) between the two isomers allows their distinction. Figure
adapted from [285].

The CID of fatty acid-silver complexes has also been demonstrated to be useful in
distinguishing fatty acid isomers. Jackson and co-workers performed desorption
electrospray ionisation (DESI) with the addition of AgNO3 to a water/methanol (1:1)
spray solvent on a range of olefinic compounds including fatty acids [286]. The addition
of Ag+ to the spray solvent enhanced the ionisation of olefinic compounds and resulted
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in the formation of [M+Ag]+ ions. For fatty acids, it was found that MS4 was required to
confidently distinguish fatty acid double bond positional isomers (Figure 2.37). The use
of MS4 would lead to a substantial loss of signal intensity. Moreover, the resulting MS4
spectra were complex, thus interpreting double bond position proved difficult. Potential
problems could also occur from the two abundant stable isotopes of silver (107Ag and
109

Ag at 52% and 48% natural abundance, respectively) when analysing fatty acid

mixtures. Therefore, while the addition of silver to the spray solvent for DESI clearly
shows much promise for the ionisation of biological olefinic compounds, [M+Ag]+ ions
do not appear to have any significant advantages for determining double bond position
within fatty acids.
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(a)

(b)
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Figure 2.37 The MS/MS spectra of DESI generated [M+Ag]+ ions of a) α-linolenic acid (18:3
n-3) and b) pinolenic acid (5Z,9Z,12Z-18:3). The inserts show the MS4 spectra used to
confidently distinguish the two isomers. Figure adapted from reference [286].

In contrast to the cationic fatty acid-metal ion complexes discussed above, it has
recently been demonstrated that anionic unsaturated fatty acid-sodium ion complexes
may be formed by CID of [M-H+NaF]- ions or directly by ESI in the presence of a basic
sodium salt (i.e., NaOH, NaHCO3 etc.) [287]. By performing CID on anionic
unsaturated fatty acid-sodium ion complexes, specific cleavages along the fatty acyl
chain allow for the determination of double bond position [288]. A major limitation of
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this method, however, is that double position can be determined only for fatty acids with
three or more double bonds.

2.4.3 MSn of glycerophospholipids and triacylglycerols (TAGs)

The analysis of fatty acids by CID is relatively straight-forward compared to more
complex lipids such as glycerophospholipids and TAGs. This is to be expected because
the greater structural complexity leads to more fragmentation processes. Nonetheless,
high-energy CID of glycerophospholipids [161] and TAGs [289] can provide product
ions indicative of double bond position in certain cases. Jensen and co-workers studied
the fragmentation of phospholipids by FAB-MS/MS. Fast atom bombardment was
found to generate [M-H]- ions for acidic phospholipids which, upon CID, provided
structural information [161, 290]. Charge-remote fragmentation was observed for [MH]- ions, however, the presence of two fatty acid substituents on the precursor ion
complicated the resulting MS/MS spectra [161]. As such, identification of double bond
position within diacylglycerophospholipids was not possible [161]. In contrast to the
acidic phospholipid classes, PC lipids were found to form [M-CH3]-, [M-HN(CH3)3]-,
and [M-C5H12N]- ions from fast atom bombardment [290]. High-energy CID of these
ions, while providing valuable structural information, did not allow the determination of
double bond position. Platelet-activating factor (see Section 1.1.3) was also studied by
FAB-MS/MS. Fast atom bombardment of platelet-activating factor results in the
formation

of

[M-CH3]-,

[M-HN(CH3)3]-,

and

[M-C5H12N]-

ions

similar

to

diacylphosphatidylcholine [161]. In addition, an [M-C5H12N-CH3COOH]- ion was also
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observed from the neutral loss of acetic acid from the sn-2 position. High-energy CID of
the [M-C5H12N-CH3COOH]- ion was found to result in charge-remote fragmentation of
the ether-linked chain. This allowed the determination of double bond position if the
ether-linked chain was unsaturated. Shown in Figure 2.38 is the negative-ion FABMS/MS spectrum of the [M-C5H12N-CH3COOH]- ion generated from PC(18:1e/2:0). As
seen in this spectrum, a gap in a series of ions is observed which allows the location of
the double bond to be determined [161].

Figure 2.38 The FAB-MS/MS spectrum (obtained at high energy) of the [M-C5H12NCH3COOH]- ion from the unsaturated ether phosphatidylcholine, PC(18:1e/2:0). Figure adapted
from reference [161].

In an investigation by Cheng and Gross, high-energy CID was utilised for the structural
characterisation of ionised TAGs [289]. FAB-formed sodium adduct ions in addition to
ESI-formed ammonium and sodium adducts were found to provide information on
double bond position [289]. Shown in Figure 2.39 is the high-energy ESI-MS/MS
spectrum of the ammonium adduct of trilinolenoylglycerol. In the high mass region of
this spectrum, a series of ions are observed which are believed to result from chargeremote fragmentation of the fatty acyl chains. It can be seen that there are three
interruptions in this series of ions with three abundant product ions. These abundant
ions result from cleavages allylic to the three double bonds of the 18:3 fatty acid
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substituents. This information therefore allows the position of the three double bonds to
be determined [289]. In other high-energy CID spectra presented for monounsaturated
TAGs, ions indicative of double bond position are not as abundant or easy to identify.

Figure 2.39 The high-energy ESI-MS/MS spectrum of the ammonium adduct of
TAG(18:3/18:3/18:3). Ions labelled “a” arise from allylic cleavages and allow double bond
location to be determined. Figure adapted from reference [289].

Due to the inherent difficulties in assigning double bond position from the MS/MS
spectra of complex lipids other approaches have been reported. Jensen and co-workers
showed that the CID of unsaturated fatty acid anions formed during FAB of
phospholipids could be used for assigning double bond position [161, 290]. This
provides clear information on double bond position for monounsaturated fatty acids.
The analysis of polyunsaturated fatty acids would be more difficult, if not impossible,
for reasons discussed in Section 2.4.2. Furthermore, Hsu and Turk found that dilithiated
fatty acid adducts may be formed from the in-source fragmentation of TAGs. CID of the
source-formed [M-H+2Li]+ ions was found to provide information on double bond
position [253]. These techniques are useful for determining sites of unsaturation in pure
lipid samples, however, assignment of double bond position for individual molecular
lipids within a lipid mixture would not be possible. By performing multiple stages of
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MS, it is however possible to overcome these problems. For example, Bryant and coworkers performed MS3 on two PC lipids from a HIV preparation to locate the double
bond position [291]. In this experiment, the [PC-15]- ion generated from FAB was
mass-selected then fragmented (Figure 2.40a) and the unsaturated fatty acid product ion
at m/z 281 mass-selected on a four-sector mass spectrometer. High-energy CID of the
fatty acid anion provided the MS3 spectrum (Figure 2.40b). Comparison of the MS3
spectrum to the MS/MS spectrum of a standard allowed the identity of two
monounsaturated fatty acids to be assigned. It must be noted, however, that this method
would not be suitable for the analysis of phospholipids containing polyunsaturated fatty
acids (see Section 2.4.2). In an extension to the identification of isomeric free fatty acids
by low-energy CID of [M-H]- anions (discussed in Section 2.4.2), Yang and co-workers
also

demonstrated

the

potential

application

of

this

method

towards

glycerophospholipids [281]. For glycerophospholipids with a highly unsaturated fatty
acid substituent, an ion resulting from the loss of carbon dioxide from the fatty acid
carboxylate anion was observed in the MS/MS spectra. By varying the collision energy,
an ion intensity profile for this product ion could be constructed for the identification of
the fatty acid isomer. Alternatively, MS3 could be applied to the unsaturated fatty acid
carboxylate anion using different collision energies. The product ion abundance profile
could then be compared to an authentic standard to determine the identity of the fatty
acid isomer [281]. As explained in Section 2.4.2, this method allows the distinction of
common fatty acid positional isomers but does not provide direct information on the
position of carbon-carbon double bonds.
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Figure 2.40 a) The MS/MS spectrum of the FAB-generated [M-15]- ion of PC(16:0/18:1) from
a HIV preparation. b) The MS3 spectrum of the 18:1 carboxylate anion from PC(16:0/18:1).
This spectrum is similar to the MS/MS spectrum of elaidic acid shown in Figure 2.29 and
therefore indicates that the double bond is in the n-9 position. Both spectra were acquired under
high-energy CID conditions. Figure adapted from reference [291].

More recently, Hsu and Turk have presented methods that enable double bond position
to be located in glycerophospholipids [292], cardiolipin [293] and triacylglycerols
[252]. These methods all have in common the use of MSn of lithiated adducts on linear
ion-trap mass spectrometers. The ESI of glycerophospholipids in the presence of lithium
salts results in the formation of [M+Li]+, [M-H+2Li]+ and [M-2H+3Li]+ adduct ions
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depending on the phospholipid class, number of substituted fatty acids and lithium salt
concentration [292]. The CID of glycerophospholipid [M+Li]+ ions results in the
formation of a product ion from the neutral loss of the phosphate moiety and headgroup
(Figure 2.41d). CID of this product ion in an MS3 experiment results in high-mass
product ions that allow the identification of double bond position (see Figure 2.41e, note
in this figure the same ion is formed via an MS4 experiment) [292]. [M-H+2Li]+ and
[M-2H+3Li]+ adduct ions fragment in a similar fashion and both allow the location of
double bonds to be determined. For these adduct ions, MS3 or MS4 is required to
determine double bond position. A further CID step can also be employed in an MS4 or
MS5 experiment to fragment dilithiated fatty acid ions to further confirm double bond
position (Figure 2.41) [292]. Shown in Figure 2.41 is the use of MS4 on [M+Li]+ and
[M-H+2Li]+ ions to locate carbon-carbon double bonds in PE(18:0/20:4). For
cardiolipin, Hsu and Turk demonstrated that information on double bond position could
be achieved by applying MS5 to [M-2H+3Li]+ adduct ions [293]. Dilithiated fatty acid
ions were also observed in the MS5 spectrum. MS6 of these [RCOOLi+Li]+ ions could
also be used to confirm the assignment of double bond position [293]. In contrast to
glycerophospholipids, TAGs only form [M+Li]+ adduct ions. Nevertheless, MS3 of
TAG monolithiated ions may be used to determine double bond position [252].
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Figure 2.41 a) MS/MS spectrum of the [M-H+2Li]+ ion of PE(18:0/20:4) at m/z 780, b) MS3
spectrum of the m/z 657 product ion and c) MS4 spectrum of the [20:4-H+2Li]+ product ion.
This MS4 spectrum provides product ions which allow the determination of double bond
position. d) MS/MS spectrum of the [M+Li]+ ion of PE(18:0/20:4) at m/z 774, e) MS3 spectrum
of the m/z 731 product ion and f) the MS4 spectrum of the m/z 633 product ion. High-mass
product ions in the MS4 spectrum allow double bond positions to be located. Diamond and
asterisk-labelled ions result from vinyl and allylic cleavages, respectively, within the 20:4 acyl
chain. Figure adapted from reference [292].

The MSn of lithiated lipid ions is particularly powerful since it allows the determination
of double bond position within complex lipids such as phospholipids and TAGs.
Furthermore, these methods can be applied to lipid extracts without prior derivatisation
and specialised instrumentation is not needed, only an MSn capable instrument.
Unfortunately, a detailed knowledge on the fragmentation patterns of lithiated adducts is
required to implement the required multiple stages of mass spectrometry. Furthermore,
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product ions indicative of double bond position in the MSn spectra are typically of low
abundance compared to other product ions. This complicates the interpretation of the
relevant MSn spectra. Ion losses occur during each stage of mass spectrometry, as such,
MSn spectra need longer acquisition times (typically 3-10 min [252]) to achieve
sufficient signal-to-noise ratios [292].

2.4.4 Double bond derivatisation

Several approaches have been reported where double bond derivatisation was utilised to
provide more informative product ions upon CID. Both examples of fatty acid and
glycerophospholipid derivatives have been presented. Double bond derivatisation has
been used extensively in the analysis of unsaturated fatty acids by GC-MS. These
methodologies have been reviewed in Section 2.4.1. The use of double bond
derivatisation for the analysis of fatty acids by FAB or ESI, however, is not widely
practised. One of the earliest approaches of double bond derivatisation prior to FAB
analysis involved the reduction of carbon-carbon double bonds with D2-diimide to form
a saturated fatty acid with two deuterium atoms at the sites of each initial double bond
[277]. CID of the deuterated saturated fatty acid provided information on the location of
the deuterium atoms thereby allowing double bond position to be determined. This
method was originally proposed for polyunsaturated fatty acids since the CID of highly
unsaturated fatty acid [M-H]- ions does not provide structurally-informative product
ions. More recently, Moe and co-workers developed a method involving the
dihydroxylation of unsaturated fatty acids using osmium tetroxide prior to mass
spectrometric analysis using ESI. The presence of the hydroxyl groups directs
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fragmentation towards the site of the original double bond. This leads to the formation
of abundant product ions indicative of double bond position (see Figure 2.42) [294,
295].

Figure 2.42 The MS/MS spectrum of the dihydroxylated derivative of 18:1 n-6 acquired on a
triple quadrupole mass spectrometer. Ions indicative of the double bond in the n-6 position were
observed at m/z 99, 129, 213 and 243. Figure adapted from reference [294].

The dihydroxylation of olefinic bonds has also been applied to neutral [296] and acidic
[297] glycerophospholipids. In the negative-ion MS/MS spectra of dihydroxylated
derivatives of both neutral and acidic glycerophospholipids, characteristic product ions
are observed from cleavages at the sites of hydroxyl groups. This allows for the double
bond positions within the underivatised phospholipid to be determined. This can be seen
in Figure 2.43 where the MS/MS spectra of dihydroxylated PA(16:0/18:1n-7) acquired
at two different collision energies is shown. Under low collision energies (Figure
2.43a), the MS/MS spectrum appears typical of a deprotonated PA anion with the
dihydroxylated fatty acid observed at m/z 315. With higher collision energies, further
fragmentation results in cleavage around the hydroxyl groups forming four structurallyinformation product ions (i.e. m/z 133, 143, 199 and 229 in Figure 2.43b) [297]. This
method was also applied to the analysis of glycerophospholipids containing
polyunsaturated fatty acids, however, the observed fragmentation was more complex
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[296, 297]. Interestingly, this method could be extended using ion-trap mass
spectrometry to perform MS3 on hydroxylated fatty acid anions to simplify data
interpretation.

(a)

(b)

Figure 2.43 a) The MS/MS spectrum of the [M-H]- ion of dihydroxylated PA(16:0/18:1n-7)
acquired on a triple quadrupole mass spectrometer using a low collision energy (30 eV). b) The
CID spectrum of the same ion acquired using a higher collision energy (60 eV). Figure adapted
from reference [297].

In another derivatisation method, Harrison and Murphy converted double bonds of
unsaturated PC lipids to ozonides [298]. This was achieved by reacting ozone with a
dry, thin film of lipid. The resulting PC ozonides could be then ionised in negative or
positive ion mode and subjected to CID to give product ions indicative of double bond
position [298]. In negative-ion mode, the acetate adduct of the PC(16:0/18:1) ozonide
was subjected to CID and gave ions informative of double bond position. In positive-ion
mode, protonated PC ozonides were analysed by tandem MS and similar bond cleavage
at the site of the ozonide group was observed allowing double bond position to be
determined. The m/z 184 ion indicative of the phosphocholine group, however, was the
base peak whereas ions from ozonide fragmentation were of lower abundance. This can
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be seen in the MS/MS spectrum of the [M+H]+ ion of the PC(16:0/18:1) ozonide shown
in Figure 2.44 where product ions at m/z 621, 650 and 666 are observed arising from
dissociation at the ozonide group. Like all double bond derivatisation methods however,
this approach requires off-line treatment which increases analysis time and further
complicates sample preparation. Furthermore, cross-ozonide formation may be possible
which would cause potential issues in data interpretation [299]
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Figure 2.44 The CID spectrum of the [M+H]+ ion of the PC(16:0/18:1) ozonide. Figure adapted
from reference [298].

2.4.5 Covalent-adduct chemical ionisation

Brenna and co-workers have developed an on-line method for fatty acid structural
characterisation which may be considered as on-line, gas-phase derivatisation [300306]. This involves chemical ionisation (CI) of the lipid using acetonitrile as the reagent
gas. It is known that under CI conditions acetonitrile forms the (1-methyleneimino)-1ethenylium ion of m/z 54 which reacts with carbon-carbon double bonds of unsaturated
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lipids. The covalent adduct ions formed may then be subjected to CID to promote
fragmentation and results in dissociation at the site of derivatisation giving information
on double bond position [304, 305]. The method is referred to as covalent adduct
chemical ionisation (CACI) [300] and builds on earlier research where double bond
location was determined directly from CI spectra such as the case where methyl vinyl
ether was used as the reagent gas [307]. CACI requires the lipid sample to be
sufficiently volatile for chemical ionisation and therefore the method has been
extensively applied to fatty acid methyl esters [300-306]. CACI has been used for
determining double bond position within mono- and polyunsaturated fatty acid methyl
esters (see Figure 2.45 for the monounsaturated positional isomers, oleic acid and cisvaccenic acid). CACI has also been applied to conjugated alkenes [300-302] such as
conjugated linoleic acid where it was found that double bond geometry could be
determined in addition to double bond position [302]. This method has been used to
characterise a variety of fatty acid samples from lipid extracts demonstrating its
analytical applicability [303, 306].
(a)

(b)

Figure 2.45 The MS/MS spectra of the methyl esters of a) oleic acid (18:1 n-9) and b) cisvaccenic acid (18:1 n-7). Chemical ionisation using acetonitrile was used to generate [M+54]+
ions which fragment to form structurally-diagnostic ions upon CID. Figure adapted from
reference [305].
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In an extension of this work, Xu and co-workers applied CACI at atmospheric pressure
for the analysis of TAGs [308]. This atmospheric pressure CACI, or APCACI, differs
from the previous work on the methyl esters in that [M+40]+, [M+81]+ and [M+95]+
adduct ions are observed in addition to the typically observed [M+54]+ adduct ion
(Figure 2.46a). CID of these adduct ions yields ions indicative of double bond position.
This can be seen in Figure 2.46(b) and (c) which display the MS/MS spectra of the
[M+54]+

ions

for

the

positional

isomers

TAG(16:0/9Z-18:1/9Z-18:1)

and

TAG(16:0/11Z-18:1/11Z-18:1). Ions indicative of double bond position are, however, of
low abundance. Conversely, abundant fatty acid ketene adduct ions are also observed
for unsaturated fatty acid substituents. It was found that MS3 of these fatty acid ketene
ions yields two abundant ions indicative of double bond position (Figure 2.47) [308].
This means that it would be possible to confidently assign a double bond position to a
particular unsaturated chain.
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(a)

(b)

(c)

Figure 2.46 a) The atmospheric pressure chemical ionisation mass spectrum of TAG(16:0/9Z18:1/9Z-18:1) using acetonitrile as the reagent gas. b) The MS/MS spectrum of the [M+54]+ ion
of TAG(16:0/9Z-18:1/9Z-18:1). c) The MS/MS of the [M+54]+ ion of the positional isomer
TAG(16:0/11Z-18:1/11Z-18:1). Figure adapted from reference [308].
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(a)

(b)

Figure 2.47 The MS3 spectra of the [fatty acid ketene +54]+ ions from a) TAG(16:0/9Z-18:1/9Z18:1) and TAG(16:0/11Z-18:1/11Z-18:1) after atmospheric chemical ionisation using
acetonitrile as the reagent gas. A pair of abundant structurally-informative ions were observed
for each positional isomers locating the position of the double bond. Figure adapted from
reference [308].

More recently, atmospheric pressure chemical ionisation using acetonitrile was applied
to wax esters with online HPLC separation by Vrkoslav and co-workers [309]. In their
work, MS/MS was performed on [M+55]+• ions instead of the [M+54]+ ions used by the
Brenna research group. The fragmentation of wax ester [M+55]+• ions produced
abundant product ions that allowed unambiguous assignment of double bond position.
HPLC prior to ionisation allowed isomeric wax esters to be separated simplifying the
resulting MS/MS spectra. Interestingly, Vrkoslav and co-workers also studied the
fragmentation of TAG [M+55]+• ions. These adduct ions were found to form
structurally-informative product ions at much greater intensities than the [M+54]+ ions
previously studied.
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CACI and APCACI have several advantages. No specialised derivatisation is required
other than the conventional conversion of fatty acids to methyl esters which is standard
practice in the analysis of fatty acids by GC-MS. In addition, structural information may
be gained for a variety of unsaturated systems including monounsaturated, methyleneinterrupted polyunsaturated, conjugated and polymethylene-interrupted fatty acids.
Intact TAGs and wax esters may also be analysed. No specialised equipment or
instrument modifications are required further enhancing the applicability of these
methods. Although it was noted that modification of the ion source for APCACI is
probably required to limit reactive plasma exposure to vulnerable instrument
components [308]. The major limiting factor, however, is that CACI and APCACI may
only be applied to lipids with sufficient volatility for chemical ionisation. This
unfortunately means that glycerophospholipids and sphingolipids are unable to be
analysed by these methods.

2.5 Concluding remarks and thesis motivations

The most powerful and rapid method for the analysis of intact molecular lipids is
undoubtedly mass spectrometry. All lipid classes may be analysed by mass
spectrometry and detailed structural information regarding the nature of esterified fatty
acids may be obtained. There are, however, several limitations in current mass
spectrometric techniques for the structural characterisation of lipids. These include
determining the position and geometry of double bonds within unsaturated acyl chains
and assigning sn-position for fatty acids. As double bond position/geometry and fatty
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acid sn-position are largely ignored in most lipidomic analyses, undoubtedly greater
diversity in lipid structure remains to be discovered.

Determining double bond position for complex lipids is difficult. Earlier high-energy
MS/MS failed to provide information on double bond position in the majority of lipids
studied. High-energy MS3 on fatty acid anions generated from anionic phospholipids
allows double bond position to be determined for monounsaturated fatty acids [291].
However, polyunsaturated fatty acids do not fragment to provide detailed structural
information limiting the application of this method [277]. Hsu and Turk have
demonstrated recently that lithiated phospholipids and TAGs can provide double bond
information when multistage MS is utilised [252, 292, 293]. This allows molecular
lipids in complex mixtures to be analysed using conventional ion-trap mass
spectrometry without the need for prior derivatisation. While this is a significant
improvement, the use of multistage MS (up to MS6) requires a high level of knowledge
of fragmentation processes to select the required product ions. Furthermore, spectra
which provide information on double bond position are often complex and dominated
by other product ions. Assigning double bond position for a mixture of isomers would
therefore be difficult and unambiguous identification of minor isomeric lipids may not
be possible, indeed this has yet to be demonstrated. The use of acetonitrile as a chemical
ionisation reagent gas followed by MS/MS or MS3 on covalently bound adduct ions has
been demonstrated to be an effective method for fatty acid methyl esters, TAGs and
wax esters [305, 308, 309]. Phospholipids, unfortunately, may not be directly analysed
by this technique due to their incompatibility with CI and APCI.
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Another important point to make is that many methods for determining double bond
position have only been demonstrated on monounsaturated and methylene-interrupted
polyunsaturated lipids. Therefore, further research is required to determine whether
these methods are able to determine sites of unsaturation for lipids with conjugated or
polymethylene-interrupted polyunsaturated fatty acyl chains. The extension of methods
for determining double bond position to such unsaturated systems is needed to truly
appreciate the diversity of lipid double bond positional isomers.

To this date, methods for determining double bond position within molecular lipids
discussed have not been widely incorporated into standard lipidomic protocols. There is
therefore a need to develop alternative methods. There are several important
considerations to be made when developing a new method for double bond position,
these are:
No wet chemistry: Methods for double bond derivatisation already exist. Wet
chemistry increases analysis time and also adds further complications in sample
preparation.
Speed of analysis: Information on double bond position should be rapidly
acquired, ideally on a HPLC time scale.
Ease of data interpretation: De novo assignment of double bond position should
be possible, even for minor isomers, based on predictable behaviour without the use of
reference standards.
Ease of ion formation: Acidic phospholipids readily form [M-H]- ions whereas
PC and SM lipids form abundant [M+H]+ and [M+alkali metal]+ ions. These ions are
regularly used to gain structural information by CID. Any technique which allows
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double bond position to be determined from these ions would be compatible with
standard lipidomic methods. Exotic adduct ions are undesirable if the resulting signal
intensity is poor or conventional diagnostic CID pathways are inhibited.
If metal adducts are used: Many metals have a wide range of isotopes. While the
isotopic patterns may be useful in identifying metal ion adducts, they have the effect of
distributing the ion abundance over a series of isotopologues thus decreasing signal-tonoise. More importantly, when analysing complex lipid mixtures this would result in an
exceedingly complex spectrum where isotopologues overlap with adjacent lipids with
differing degrees of unsaturation. Conversely, sodium only has one stable isotope (23Na)
and is a common contaminant making sodium adducts easy to form, even without the
addition of a sodium salt.
Instrumentation:

Ideally

no

instrument

modification

or

specialised

instrumentation would be required. Of course this applies to most instrument innovation
so the method would need to be amenable to future commercialisation.
Toxicity, cost and availability of any chemical reagents used: Readily available,
low-cost reagents with low toxicity are preferred.

The ‘ideal’ method for determining double bond position within complex lipids
probably does not exist. Therefore, compromises most likely have to be made. The use
of CID for determining double bond within molecular lipids does not require specialised
instrumentation and as such has been thoroughly investigated. Unfortunately, CIDbased methods most often do not provide dissociation specific to the double bond which
can complicate data analysis. In this thesis, alternative approaches using ozonolysis
chemistry in conjunction with mass spectrometry were investigated as a means for
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elucidating double bond position within phospholipids and triacylglycerols.
Furthermore, a novel method for determining fatty acid sn-position using ozonolysis
chemistry is also presented. Ozone reacts specifically with lipid carbon-carbon double
bonds allowing unambiguous assignment of double bond position. Instrument
modifications are required however, and controls are needed to limit ozone exposure.
Despite these concerns, it is believed that the methods presented in this thesis provide a
significant advance in the structural characterisation of lipids by mass spectrometry.
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Chapter 3 Ozone electrospray ionisation-mass spectrometry
(OzESI-MS)
3.1 Introduction

Ozonolysis is the term given to the reaction of ozone with alkenes that results in the
cleavage of the carbon-carbon double bond. The cleavage of carbon-carbon double
bonds produces smaller molecules that can be used to identify double bond position and
thus ozonolysis has a long history in structural elucidation of unsaturated organic
compounds [310-313]. Methods using ozonolysis for the determination of double bond
position within fatty acids were first reported in the 1950’s [158, 314-319] and were
later improved in the 1960’s [313, 320-323]. In general, determining double bond
position entails reacting the fatty acid or fatty acid methyl ester with ozone in solution,
followed by a workup and analysis of the reaction products by chromatography.

The accepted mechanism for ozonolysis was first proposed by Criegee and as such is
referred to as the Criegee mechanism for ozonolysis [324]. This mechanism occurs by
the addition of ozone to the carbon-carbon double bond to form a five membered 1,2,3trioxolane ring (Figure 3.1). This is also known as the primary ozonide or the
molozonide. The primary ozonide then dissociates to form an aldehyde and a carbonyl
oxide (also known as the Criegee intermediate). In a non-protic solvent such as
dichloromethane, cycloaddtion of the carbonyl oxide with the aldehyde occurs to form a
1,2,4-trioxolane commonly referred to as the secondary ozonide. This occurs partly
because the aldehyde and carbonyl oxide are held together within a solvent cage.
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Figure 3.1 The Criegee mechanism of ozonolysis for a secondary alkene in an aprotic solvent.
In this mechanism, ozone adds to the carbon-carbon double bond to form a primary ozonide
which dissociates via two pathways to form an aldehyde and carbonyl oxide intermediate. The
aldehyde and carbonyl oxide then recombine to form a secondary ozonide. The work-up of the
secondary ozonide results in the formation of aldehydes, alcohols or carboxylic acids depending
on the reagent used.

Ozonolysis may also be performed in a protic solvent such as methanol. Under these
conditions the secondary ozonide is not observed. This is because the carbonyl oxide
formed from the dissociation of the primary ozonide reacts with methanol instead of the
aldehyde product. The reaction of the carbonyl oxide with methanol forms an αmethoxyhydroperoxide effectively trapping the carbonyl oxide.
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Despite the long history of ozonolysis as a method for determining double bond position
within fatty acids, no on-line techniques have been reported utilising ozonolysis for
double bond position determination within complex lipids. In this chapter, results are
presented whereby lipids are reacted with ozone in the electrospray ionisation source
allowing the direct analysis of ozonolysis products by mass spectrometry. This method
is referred to as ozone electrospray ionisation-mass spectrometry (OzESI-MS). OzESIMS may be performed in two distinct ways; 1) by corona discharge at the ESI needle in
the presence of oxygen and 2) by the use of an external ozone generator. The results of
both techniques are discussed.

3.2 Results and discussion

3.2.1 Corona discharge for ozone production

The infusion of a methanolic solution of the phosphatidic acid, PA(16:0/9Z-18:1) into
the electrospray ionisation source of an ion-trap mass spectrometer gives rise to an [MH]- ion at m/z 673 as shown Figure 3.2(a-d). The ESI-MS spectrum of PA(16:0/9Z-18:1)
acquired at a spray voltage of -6 kV with oxygen as the desolvation gas is shown in
Figure 3.2(a). In this spectrum, two ions are observed at m/z 563 and 611 in addition to
the [PA(16:0/9Z-18:1)-H]- ion at m/z 673. The m/z 563 and 611 ions however, are not
present in the MS spectra of PA(16:0/9Z-18:1) acquired with a spray voltage of -4 kV
with oxygen (Figure 3.2b) or with a spray voltage of -6 kV and -4 kV when nitrogen
was used (Figure 3.2c and d, respectively).
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Figure 3.2 The ESI-MS spectra of a methanolic solution of PA(16:0/9Z-18:1) acquired on an
ion-trap mass spectrometer with a) O2 as the desolvation gas, spray voltage of -6 kV, b) O2 as
the desolvation gas, spray voltage of -4 kV, c) N2 as the desolvation gas, spray voltage of -6 kV,
and d) N2 as the desolvation, spray voltage of -4 kV. Spectrum e) was acquired on a triple
quadrupole mass spectrometer using an external ozone generator to produce an O2/O3 mixture
that was used as the desolvation gas. The PA(16:0/9Z-18:1) solution was made to a
concentration of 10 µM in methanol.

At high spray voltages a corona discharge was observed at the electrospray needle tip. A
photograph of this corona discharge is shown is Figure 3.3. The production of ozone
from corona discharges is well known [325], in fact, many commercial ozone generators
use corona discharges for ozone production. Therefore, it was hypothesised that ozone
was formed from the electric discharge in oxygen and this reagent reacted with the
single carbon-carbon double bond of PA(16:0/9Z-18:1) yielding two product ions. The
proposed mechanism for the ozonolysis of PA(16:0/9Z-18:1) is shown in Scheme 3.1
and is based on the Criegee mechanism for ozonolysis [324] (see Section 3.1). In this
mechanism, ozone adds to the carbon-carbon double bond forming a primary ozonide.
The primary ozonide then dissociates by one of two competing channels, both
producing an aldehyde and a carbonyl oxide. The charged group, however, is only
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present on one of the dissociation products for each of these channels. In this
experiment, the charge-bearing aldehyde, 1-palmitoyl-2-(9-oxononanoyl)-sn-glycero-3phosphate, is observed at m/z 563. Conversely, the charge-bearing carbonyl oxide reacts
with methanol, the electrospray solvent, to form the α-methoxyhydroperoxide, 1palmitoyl-2-(9-hydroperoxy-9-methoxynonanoyl)-sn-glycero-3-phosphate at m/z 611.
Supporting evidence for these structural assignments is discussed below.

Figure 3.3 A photograph of the corona discharge observed at the electrospray ionisation needle
of an ion-trap mass spectrometer (Thermo Finnigan LTQ) with a spray voltage of -6 kV when
oxygen was used as the desolvation gas. An expanded view of the corona discharge is also
shown.
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Scheme 3.1 The proposed mechanism for the in situ ozonolysis of ionised PA(16:0/9Z-18:1) in
the electrospray ionisation source when methanol is used as the electrospray solvent.

The tandem mass spectrum of the m/z 563 ion with the proposed structure of 1palmitoyl-2-(9-oxononanoyl)-sn-glycero-3-phosphate is shown in Figure 3.4(a). Product
ions are observed at m/z 171, 255, 307, 325, 391 and 409 in this CID spectrum. The m/z
307 and 325 ions represent the neutral losses of 256 and 238 Da, respectively. These
neutral losses correspond to the loss of the palmitic acid substituent and as a carboxylic
acid and as a ketene, respectively, consistent with the collision-induced dissociation of
PA (see Section 2.3.1 for information on PA fragmentation mechanisms). In addition,
the palmitate anion is also observed at m/z 255. These product ions are expected since
the palmitic acid substituent is saturated and therefore unmodified in the ozonolysis
reaction. Other product ions are also observed at m/z 171, 391 and 407. The m/z 391 ion
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represents a neutral loss of 172 Da corresponding to the loss of 9-oxononanoic acid. The
m/z 407 corresponds to the neutral loss of the 9-oxononanoic acid as a ketene whereas
the m/z 171 ion corresponds to the 9-oxononanate anion. The m/z 171, 391 and 407 ions
are therefore indicative of the aldehyde product arising from the ozonolysis of the 9Z18:1 acyl chain. The product ions observed in the CID spectrum of the m/z 563 ion are
thus consistent with a PA [M-H]- ion with a modified fatty acid substituent (see Section
2.3.1) and support the assigned structure.
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Figure 3.4 CID mass spectra of the a) m/z 563 and b) m/z 611 ions formed during the
electrospray ionisation of PA(16:0/9Z-18:1) under corona discharge conditions with oxygen as
the desolvation gas. Methanol was used as the electrospray solvent.

The CID spectrum of the m/z 611 ion is shown in Figure 3.4(b). In this spectrum, an
abundant product ion is observed at m/z 593 corresponding to the neutral loss of 18 Da.
An additional product ion is also observed at m/z 561 corresponding to the neutral loss
of 50 Da. The neutral loss of 18 Da is proposed to result from the loss of water from the
α-methoxyhydroperoxide group (Scheme 3.2a). This mechanism is analogous to the
mechanism proposed by Ellam and Padbury for the base-catalysed conversion of αalkoxybenzyl hydroperoxides to the corresponding alkyl benzoates in the condensed
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phase [326]. The m/z 561 ion presumably results from the neutral loss of methanol after
the neutral loss of water as proposed in Scheme 3.2.
(a)
O
HO P O
O

O

O

O
O

H

C15H31
O

OCH3

m/z 611

O
O
HO P O
O
H

OH

(b)
O
O
HO P O
O

O

C15H31
OH

O

C15H31
O

O
HO P O
O
H

O
HO P O
O

C
O

C15H31
O

m/z 593

O CH3

-CH3OH
O

OCH3
O

O

C15H31
O

O

O

m/z 593

O

-H2O
O

H

O

OCH3
O

OCH3

O

O

O

O

O
HO P O
O

C

O
O

O

C15H31
O

m/z 561

Scheme 3.2 The proposed fragmentation mechanism for the m/z 611 ozonolysis product ion
from the OzESI-MS of PA(16:0/9Z-18:1). Fragmentation of the α-methoxyhydroperoxide group
results in the neutral loss of a) water and b) secondary fragmentation leading to the neutral loss
of methanol.

In addition to the tandem mass spectrum of the m/z 611 ion, the participation of the
electrospray solvent as proposed in Scheme 3.1 was further supported by undertaking
the corona discharge experiment with both (i) ethanol and (ii) isotopically-labelled
methanol (CD3OD) as the electrospray solvents (Figure 3.5). This resulted in mass
shifts for the observed α-alkoxyhydroperoxide ion by 14 and 5 Da, respectively. The αalkoxyhydroperoxide ion was mass shifted by 5 Da when D4-methanol was used since a
phosphate hydrogen was exchanged for deuterium in addition to the four deuterons from
the reaction with D4-methanol. This shows that the protic nucleophilic solvent is
participating directly in the ozonolysis reaction consistent with the proposed mechanism
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(Scheme 3.1). The participation of methanol in the condensed phase ozonolysis of
alkenes to form α-methoxyhydroperoxides has also previously been observed [327].
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Figure 3.5 The OzESI-MS spectra of PA(16:0/9Z-18:1) in a) ethanol and b) isotopicallylabelled methanol (CD3OD). Both spectra were acquired using a spray voltage of -5 kV with
oxygen as the desolvation gas. The α-methoxyhydroperoxide ion in (b) is shifted by 5 Da since
a phosphate hydrogen was exchanged for a deuterium in addition to the four deuterons from the
addition of D4-methanol.

To test the analytical capabilities of the method, corona discharge OzESI-MS was
applied to a range of unsaturated glycerophospholipid standards including PS, PE and
cardiolipin. In all cases, the aldehyde and α-methoxyhydroperoxide ozonolysis product
ions were observed, readily identifying the locations of carbon-carbon double bonds
(see Figure 3.11 for negative-ion OzESI-MS spectra of glycerophospholipid standards
acquired using an ozone generator). This is exemplified in the corona discharge OzESIMS spectrum of the polyunsaturated glycerophospholipid, PS(5Z,8Z,11Z,14Z20:4/5Z,8Z,11Z,14Z-20:4) shown in Figure 3.6. This glycerophospholipid has
arachidonic acid esterified at both the sn-1 and sn-2 positions. In the corona discharge
OzESI-MS spectrum, two series of ions are observed. The ions at m/z 642, 682, 722 and
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762 correspond to the aldehyde ions formed from the ozonolysis of the n-15, n-12, n-9
and n-6 double bonds of arachidonic acid, respectively. Similarly, the ions of m/z 609,
730, 770 and 810 are the α-methoxyhydroperoxide ions formed from the ozonolysis of
the n-15, n-12, n-9 and n-6 double bonds, respectively. This demonstrates that OzESIMS can be used to locate the positions of double bonds in glycerophospholipids with
polyunsaturated fatty acid substituents.
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Figure 3.6 The corona discharge OzESI-MS spectrum of 10 µM PS(5Z,8Z,11Z,14Z20:4/5Z,8Z,11Z,14Z-20:4) in methanol. An ozone-producing corona discharge was created
using a spray voltage of -5 kV with oxygen as the desolvation gas. The aldehyde and αmethoxyhydroperoxide ozonolysis product ions are labelled with the ■ and ● symbols,
respectively. The pairs of product ions from the ozonolysis of each double bond are indicated
with brackets and are separated by 48 Da. The m/z 743 ion is not an ozonolysis product and is
formed from the neutral loss of the serine headgroup from in-source fragmentation.

Unfortunately, a decrease in signal intensity of up to several orders of magnitude was
observed with the onset a corona discharge at the ESI needle tip. Furthermore, a stable
corona discharge could not be formed in positive-ion mode as arching between the ESI
needle and ion transfer capillary was instead observed when the spray voltage was
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increased. This therefore limits the use of corona discharge OzESI-MS to negative-ion
mode. To overcome these limitations of corona discharge OzESI-MS, an ozone
generator was connected to the electrospray source such that an oxygen/ozone mixture
could be used as the desolvation gas.

Experiments using externally-produced ozone were conducted on a triple quadrupole
mass spectrometer. A low-concentration ozone generator was connected directly to the
electrospray ionisation source and ozone (0.3% v/v in oxygen) was introduced at a flow
rate of 160 mL/min. Shown in Figure 3.2(e) is the OzESI-MS spectrum of PA(16:0/9Z18:1) using externally-produced ozone. In this spectrum, the aldehyde and αmethoxyhydroperoxide ozonolysis product ions are observed at m/z 563 and 611.
Interestingly, an ion of m/z 579 is also observed in Figure 3.2(e). This ion is 16 Da
greater than the aldehyde ion of m/z 563. This ion therefore may represent a product
originating directly from the Criegee intermediate. The high reactivity of the Criegee
intermediate most likely prohibits the direct observation of this intriguing chemical
intermediate. Therefore, the Criegee intermediate of the m/z 579 ion may undergo
unimolecular rearrangement, possibly to form a carboxylic acid or vinyl hydroperoxide
(see Scheme 4.1 of the OzID chapter). The aldehyde and α-methoxyhydroperoxide
ozonolysis product ions observed in the OzESI-MS spectrum when using externallyproduced ozone are the same as those observed in the corona discharge OzESI-MS
spectrum of PA(16:0/9Z-18:1) (Figure 3.2a). Significantly however, the relative
abundances of these ozonolysis product ions were greater when using externallyproduced ozone. Furthermore, no significant decrease in total ion current was observed
when using externally-produced ozone relative to normal operating conditions using
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nitrogen as the desolvation gas. OzESI-MS using externally-produced ozone was
therefore preferred and used for the remaining OzESI-MS experiments presented herein.

3.2.2 OzESI-MS using externally-produced ozone

As described above, an ozone-producing corona discharge could not be formed in
positive-ion mode. This is a significant disadvantage of the in-source corona discharge
method of ozone generation since lipids such as PC, SM and TAGs are commonly
analysed in positive-ion mode. As shown in Figure 3.2(e), OzESI-MS may be
performed by introducing ozone into the ESI source region by using a desolvation gas
consisting of an oxygen/ozone mixture produced from an on-line ozone generator.
When using the on-line ozone generator, the production of ozone is independent of the
ESI polarity and the magnitude of the applied voltage. This therefore permits the use of
OzESI-MS in both negative and positive ion modes. The OzESI-MS spectra of a range
of lipid standards will be presented below. In addition, the application of OzESI-MS to
complex biological lipid extracts is also presented highlighting the analytical potential
of this technique. All OzESI-MS spectra presented herein were acquired using an ozone
concentration of 0.3% (v/v) at a flow rate of 160 mL/min. These conditions were found
to provide efficient ozonolysis of lipid ions while not producing excessive quantities of
ozone. Only limited control of ozone concentration was afforded by the ozone generator
used in these experiments. Therefore, a systematic study on the effect of ozone
concentration was not feasible.
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3.2.2.1 OzESI-MS of glycerophospholipid cations

The OzESI-MS spectrum of the monounsaturated phosphatidylcholine, PC(16:0/9Z18:1), acquired using an ozone generator coupled to the ESI source of a triple
quadrupole mass spectrometer is shown in Figure 3.7(a). In this spectrum, the
protonated [M+H]+ ion of PC(16:0/9Z-18:1) is observed at m/z 760. In addition to the
[M+H]+ ion, the sodium adduct ion of PC(16:0/9Z-18:1) is also observed at m/z 782.
Four abundant ions are also observed at m/z 650, 672, 698 and 720. These ions were
only observed when the on-line ozone generator was in operation with oxygen creating
an oxygen/ozone mixture as the desolvation gas. The m/z 650, 672, 698 and 720 ions
observed in the OzESI-MS spectrum may therefore be attributed to ozonolysis of the
carbon-carbon double bond of PC(16:0/9Z-18:1). Interestingly, the ozonides of
protonated, [M+O3+H]+, and sodiated, [M+O3+Na]+, PC(16:0/9Z-18:1) at m/z 808 and
830 were not observed in this experiment. Since the protonated and sodiated ions of
PC(16:0/9Z-18:1) are present in the OzESI-MS spectrum, two sets of ozonolysis
products are observed. For the [PC(16:0/9Z-18:1)+H]+ ion of m/z 760, the aldehyde and
α-methoxyhydroperoxide ozonolysis product ions are observed at m/z 650 and 698.
Conversely, for the [PC(16:0/9Z-18:1)+Na]+ ion of m/z 782, the aldehyde and αmethoxyhydroperoxide ozonolysis product ions are observed at m/z 678 and 720. These
ions are analogous to those observed in the corona discharge OzESI-MS spectrum of
PA(16:0/9Z-18:1) (see Section 3.2.1).

For both the [M+H]+ and [M+Na]+ ions of PC(16:0/9Z-18:1) and the [M-H]- ion of
PA(16:0/9Z-18:1), the aldehyde and α-methoxyhydroperoxide ions corresponded to
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neutral losses of 110 and 62 Da, respectively. The 110 and 62 Da neutral losses
observed in OzESI-MS spectra are therefore indicative of a double bond in the n-9
position.
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Figure 3.7 a) The OzESI-MS spectrum of 1µM PC(16:0/9Z-18:1) in methanol acquired on a
conventional triple quadruple mass spectrometer with an ozone generator used for on-line ozone
production. b) The m/z 184 precursor ion scan of the same sample with the same experimental
conditions. c) The CID spectrum of the α-methoxyhydroperoxide ozonolysis product ion of m/z
698. The aldehyde and α-methoxyhydroperoxide ozonolysis product ions are labelled with the ■
and ● symbols, respectively.
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For further structural characterisation of the ozonolysis product ions of PC(16:0/9Z18:1), CID spectra were acquired for the protonated aldehyde ion of m/z 650 (data not
shown) and the protonated α-methoxyhydroperoxide ion of m/z 698 (Figure 3.7c). The
CID spectrum of the m/z 650 ion displays only the m/z 184 product ion characteristic of
protonated phosphatidylcholines [249]. This is analogous to the CID of the aldehyde ion
of deprotonated PA(16:0/9Z-18:1) where the introduction of the aldehyde function
group into the structure of PA was found to have no significant impact on the observed
fragmentation (Figure 3.4b). In the CID spectrum of the protonated αmethoxyhydroperoxide ion at m/z 698, the m/z 184 ion characteristic of the
phosphocholine group is also observed (Figure 3.7c). Interestingly however, high-mass
product ions are also observed at m/z 537, 621, 649 and 664 presumably from
fragmentation at the site of the α-methoxyhydroperoxide moiety. The m/z 664 product
ion represents a neutral loss of 34 Da from the m/z 698 precursor ion corresponding to
the neutral loss of hydrogen peroxide. The proposed mechanism for the neutral loss of
hydrogen peroxide from the α-methoxyhydroperoxide moiety is shown in Scheme 3.3.
The other high-mass product ions of m/z 537, 621 and 649 are, however, more difficult
to rationalise. These product ions are of an odd mass-to-charge ratio suggesting that
these ions are odd-electron ions. It may also be possible that the neutral loss contains a
nitrogen atom of the phosphocholine group, although such a rearrangement is difficult
to rationalise mechanistically. The m/z 649 ion is 15 Da lower than the m/z 664 product
ion resulting from the neutral loss of hydrogen peroxide. This may indicate that the m/z
649 ion results from the combined neutral loss of hydrogen peroxide and methyl radical
resulting in the formation of an enol radical (Scheme 3.3). The m/z 621 ion may result
from the neutral loss of carbon monoxide from the enol radical possibly involving a 1,2177

hydride shift (Scheme 3.3). Alternatively, the m/z 621 ion may result from the neutral
loss of trimethylamine and water. Finally, the m/z 537 ion may result from bond
cleavage between C2 and C3 of the modified fatty acid substituent leading to the
formation of a resonance-stabilised radical (Scheme 3.3).

The neutral loss of 34 Da has been previously observed by Adachi and co-workers for
protonated phosphatidylcholines with the hydroperoxy moiety [328]. Unlike the
protonated PC α-methoxyhydroperoxide ion formed by OzESI, the protonated
monohydroperoxide phosphatidylcholine standard used by Adachi et al. formed an
abundant product ion corresponding to the neutral loss of water [328]. Curiously, the
fragmentation of the α-methoxyhydroperoxide ion from PC(16:0/9Z-18:1) ozonolysis
has much in common with the fragmentation of protonated PC ozonides. Indeed, the m/z
537 and 621 product ions were also observed in the CID spectrum of the protonated
PC(16:0/9Z-18:1) secondary ozonide [298].
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Scheme 3.3 The proposed mechanism for the neutral loss of hydrogen peroxide and the
formation of the m/z 649, 621 and 537 product ions from the α-methoxyhydroperoxide of
protonated PC(16:0/9Z-18:1) formed from OzESI-MS. The m/z 537 and 621 product ions have
also been observed in the CID spectrum of the protonated PC(16:0/9Z-18:1) secondary ozonide
[298].
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Protonated PC(16:0/9Z-18:1) and the aldehyde and α-methoxyhydroperoxide ozonolysis

product ions fragment to form the phosphocholine m/z 184 ion allowing precursor ion
scanning to selectively detect these ions. The m/z 184 precursor ion scan of PC(16:0/9Z18:1) under OzESI-MS conditions is shown in Figure 3.7(b). In this spectrum, the only
ions detected are at m/z 650, 698 and 760 corresponding to the aldehyde, αmethoxyhydroperoxide and protonated PC(16:0/9Z-18:1) ions, respectively. Acquiring
the m/z 184 precursor ion OzESI-MS spectrum instead of the standard OzESI-MS
spectrum is advantageous since fewer ions are observed thus simplifying data
interpretation. This is due to the fact that alkali metal ion adducts of
phosphatidylcholine are not observed in the m/z 184 precursor ion OzESI-MS spectrum.
Closer comparison between the m/z 184 precursor ion OzESI-MS spectrum (Figure
3.7b) and the standard OzESI-MS spectrum (Figure 3.7a) also reveals that the signal-tonoise ratio is improved in the m/z 184 precursor ion OzESI spectrum due to the filtering
of background chemical noise.

OzESI-MS was applied to the positional isomers PC(9Z-18:1/9Z-18:1) and PC(12Z18:1/12Z-18:1) using the m/z 184 precursor ion scan (Figure 3.8). For PC(9Z-18:1/9Z18:1), the aldehyde and α-methoxyhydroperoxide ions are observed at m/z 676 and 724
corresponding to the neutral losses of 110 and 62 Da, respectively (Figure 3.8a). As
previously demonstrated, these neutral losses are indicative of a carbon-carbon double
bond in the n-9 position. For PC(12Z-18:1/12Z-18:1), the ozonolysis product ions are
observed at m/z 634 and 682 corresponding to neutral losses of 152 and 104 Da,
respectively (Figure 3.8b). The ozonolysis product ions for PC(12Z-18:1/12Z-18:1) are
42 Da lower in mass than the ozonolysis product ions for the positional isomer PC(9Z180

18:1/9Z-18:1). 42 Da corresponds to three methylene groups and therefore the neutral
losses of 152 and 104 Da are characteristic of a double bond in the n-12 position. This
result is significant since these positional isomers are difficult to distinguish by
conventional low-energy CID. For example, the negative-ion CID spectra of the PC(9Z18:1/9Z-18:1) and PC(12Z-18:1/12Z-18:1) formate adducts were acquired on a triple
quadrupole mass spectrometer and are shown in Figure 3.9. These two CID spectra,
acquired under the same conditions, are essentially identical with no isomer-specific
product ions observed.
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Figure 3.8 The m/z 184 precursor ion OzESI-MS spectra for a) PC(9Z-18:1/9Z-18:1) and b)
PC(12Z-18:1/12Z-18:1) acquired in the positive-ion mode. The m/z 184 precursor ion scan
selectively detects [M+H]+ ions that contain the phosphocholine group and was used in this
experiment to simplify data analysis and improve the signal-to-noise ratio. The aldehyde and αmethoxyhydroperoxide ozonolysis product ions are labelled with the ■ and ● symbols,
respectively.
181

O

O
H

O

(H3C)3N

O
O P O
O

O
O
O

(a)

O

O
H

O
N
(CH3)3

O
O P O
O

O
O
O

(b)

Figure 3.9 The negative-ion CID spectra of the anionic formate adducts of the positional
isomers a) PC(9Z-18:1/9Z-18:1) and b) PC(12Z-18:1/12Z-18:1).

OzESI-MS

was

also

applied

to

the

polyunsaturated

phosphatidylcholine,

PC(16:0/9Z,12Z-18:2), using the m/z 184 precursor ion scan. In the OzESI-MS
spectrum of this standard (Figure 3.10), four major ozonolysis product ions are observed
at m/z 650, 690, 698 and 738. These represent two pairs of product ions from the
ozonolysis of the two carbon-carbon double bonds of the 9Z,12Z-18:2 substituent. The
m/z 650 and 698 ions were previously observed in the OzESI-MS spectrum of
PC(16:0/9Z-18:1) (Figure 3.7b) and therefore indicate the presence of the n-9 double
bond. In this case however, the m/z 650 and 698 ions represent neutral losses of 108 and
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60 Da, respectively, rather than 110 and 62 Da neutral losses previously observed for
monounsaturated n-9 phospholipids. The ozonolysis product ions at m/z 690 and 738 are
40 Da greater than the n-9 product ions. The m/z 690 and 738 ions, representing neutral
losses of 68 and 20 Da, therefore locate the additional double bond to the n-6 position.
Interestingly, two low abundance ozonolysis product ions are observed at m/z 666 and
706. These ions are 16 Da greater than the aldehyde product ions from the ozonolysis of
the n-9 and n-6 double bonds, respectively, and are thus the same masses as the
expected Criegee intermediates. A similar ion was also observed in the OzESI-MS
spectrum of PA(16:0/9Z-18:1) acquired using externally-produced ozone (Figure 3.2e).
No attempted was made to characterise the structure of the m/z 666 and 706 ions due to
their low abundance. Furthermore, these ions appear to be of lesser diagnostic value
than the aldehyde and α-methoxyhydroperoxide ozonolysis product ions since they are
not consistently observed in the OzESI-MS spectra of phospholipids.
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Figure 3.10 The m/z 184 precursor ion OzESI-MS spectrum of PC(16:0/9Z,12Z-18:2) acquired
in the positive-ion mode. The PC standard was made to a concentration of 1 µM in methanol.
The aldehyde and α-methoxyhydroperoxide ozonolysis product ions are labelled with the ■ and
● symbols, respectively.
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3.2.2.2 OzESI-MS of glycerophospholipid anions using externally-produced
ozone

Negative-ion OzESI-MS was applied to dioleoyl glycerophospholipid standards from
the PA, PE, PG, PS and PI classes (Figure 3.11a-e). In all cases, two abundant
ozonolysis product ions are observed with characteristic 110 and 62 Da neutral losses
from [M-H]- precursor ions indicative of the n-9 double bond position. The absence of
primary ozonolysis ions indicative of other double bond positions denotes that both
fatty acyl chains possess an n-9 double bond. The fact that the aldehyde and αmethoxyhydroperoxide

ozonolysis

product

ions

are

observed

for

all

glycerophospholipid classes, regardless of the nature of the headgroup, demonstrates the
wide utility of OzESI-MS for determining double position within unknown
phospholipids.

The dioleoyl glycerophospholipid standards shown in Figure 3.11(a-e) have two n-9
double bonds and therefore can form secondary ozonolysis product ions. This would be
expected

to

lead

methoxyhydroperoxide

to

the
and

formation

of

aldehyde/aldehyde,

aldehyde/α-

α-methoxyhydroperoxide/α-methoxyhydroperoxide

ozonolysis product ions where both acyl chains have reacted with ozone. The expected
m/z ratios of the aldehyde/aldehyde and aldehyde/α-methoxyhydroperoxide secondary
ozonolysis product ions are below the mass ranges displayed in Figure 3.11(a-e) and
therefore these were not observed in these experiments. For the OzESI-MS spectrum of
PE(9Z-18:1/9Z-18:1), however, an abundant ion of m/z 618 is observed corresponding
to a neutral loss of 124 Da from the [M-H]- precursor ion at m/z 742. The m/z 618
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ozonolysis product ion therefore has two α-methoxyhydroperoxide groups from the
ozonolysis of the n-9 double bonds in each of the oleoyl substituents.

The

structure

of

cardiolipin

(CL)

is

significantly

different

to

the

other

glycerophospholipid classes in that CL contains two phosphate groups within its
molecular structure. Therefore, CL has the potential to form abundant doublydeprotonated dianions when methanol is used as the electrospray solvent [329]. This can
be seen in the OzESI-MS spectrum of CL(9Z-18:1/9Z-18:1/9Z-18:1/9Z-18:1) (Figure
3.11f) where the [M-2H]2- precursor ion is observed at m/z 727. Two abundant
ozonolysis product ions are observed at m/z 672 and 696. These ozonolysis product ions
correspond to the 110 and 62 Da neutral losses characteristic of an n-9 double bond.
Since the CL precursor ion and its ozonolysis product ion are doubly charged, however,
the differences in mass-to-charge ratios are only 55 and 31, respectively. A secondary
ozonolysis product ion is also observed at m/z 617 corresponding to the neutral loss of
220 Da. This ion therefore has two aldehyde groups (2 x 110 Da neutral losses) from the
ozonolysis of two of the four n-9 double bonds of CL(9Z-18:1/9Z-18:1/9Z-18:1/9Z18:1).
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Figure 3.11 The negative-ion OzESI-MS spectra of a) PA(9Z-18:1/9Z-18:1), b) PE(9Z-18:1/9Z18:1), c) PG(9Z-18:1/9Z-18:1), d) PS(9Z-18:1/9Z-18:1), e) PI(9Z-18:1/9Z-18:1) and f) CL(9Z18:1/9Z-18:1/9Z-18:1/9Z-18:1). Ozone was produced externally using an ozone generator and
methanol was used as the electrospray solvent. The aldehyde and α-methoxyhydroperoxide
ozonolysis product ions are labelled with the ■ and ● symbols, respectively.
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3.2.2.3 OzESI-MS of a plasmalogen lipid anion

OzESI-MS was applied to the phosphatidylethanolamine plasmalogen, PE(16:0p/9Z18:1) in negative-ion mode (Figure 3.12a). Plasmalogen phospholipids contain a vinyl
ether bond at the sn-1 position rather than the ester group found in diacyl
glycerophospholipids [166]

(also see Section 1.1.3). Significant differences are

observed between the OzESI-MS spectra of the plasmalogen PE(16:0p/9Z-18:1) and the
diacyl PE(9Z-18:1/9Z-18:1) (Figure 3.11b). Perhaps most striking is the absence of the
110 and 62 neutral losses that would be expected from the n-9 double bond of the 9Z18:1 sn-2 substituent in the plasmalogen. Furthermore, an abundant ion is observed at
m/z 506 corresponding to a neutral loss of 194 Da. A CID spectrum was acquired for the
m/z 506 ozonolysis product ion (Figure 3.12b) and reveals the m/z 281 ion
corresponding to an unmodified 18:1 carboxylate anion. Moreover, an ion is also
observed at m/z 242 corresponding to the neutral loss of the 18:1 substituent as a ketene.
The m/z 281 and 242 ions therefore indicate that the 9Z-18:1 substituent at the sn-2
position did not react with ozone and remained unmodified in the formation of the m/z
506 ion. Two minor product ions are also observed at m/z 460 and 478 representing the
neutral losses of 46 and 28 Da, respectively. The 46 Da loss likely corresponds to the
neutral loss of formic acid and suggests that the m/z 506 ion contains a formate moiety
at the sn-1 position resulting from the ozonolysis of the vinyl ether double bond. This is
further supported by the 28 Da neutral loss which corresponds to the loss of carbon
monoxide. The proposed mechanism for the neutral loss of carbon monoxide is shown
in Scheme 3.4. This fragmentation mechanism occurs in place of the typical fatty acid
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ketene neutral loss observed for glycerophospholipid anions due to the lack of an acyl
chain on the formic acid substituent.
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Figure 3.12 a) The negative-ion OzESI-MS spectrum of 10 µM PE(16:0p/9Z-18:1) in methanol
acquired using externally-produced ozone. b) The CID spectrum of the m/z 506 ozonolysis
product ion from the OzESI-MS spectrum of PE(16:0p/9Z-18:1). Both spectra were acquired on
a triple quadrupole mass spectrometer.
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Scheme 3.4 The proposed CID mechanism for the neutral loss of carbon monoxide from the m/z
506 ozonolysis product ion observed in the negative-ion OzESI-MS spectrum of PE(16:0p/9Z18:1).

Two additional ozonolysis product ions are also observed at m/z 396 and 444 in the
OzESI-MS spectrum of PE(16:0p/9Z-18:1). These ions represent neutral losses of 110
and 62 Da from the m/z 506 ozonolysis product ion and thus locate the position of the n9 double bond in the 9Z-18:1 sn-2 substituent. Therefore, despite the fact that 110 and
62 Da neutral losses are not observed directly from the [PE(16:0p/9Z-18:1)-H]- ion, the
formation of secondary ozonolysis product ions still allows the double bond position to
be determined for the sn-2 fatty acid substituent of this plasmalogen lipid. Interestingly,
an ozonolysis product ion at m/z 748 is also observed in the OzESI-MS spectrum of
PE(16:0p/9Z-18:1) corresponding to the formation of an [M-H+48]- ion. This suggests
the formation of a stable secondary ozonide

The high reactivity of vinyl ether double bonds towards ozone has previously been
reported [330]. For example, the gas-phase reaction of methyl vinyl ether with ozone
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was found to be approximately 12 times faster than the reaction with 2Z-butene [330].
Furthermore, ozonolysis of the vinyl ether double bond only resulted in the formation of
the m/z 506 carbonyl ozonolysis product under OzESI-MS conditions. This is
significant since both the carbonyl (aldehyde) and α-methoxyhydroperoxide ozonolysis
product ions were observed in the OzESI-MS spectra of all diacyl glycerophospholipid
standards. This observation, however, is consistent with the results of Keul and
Kuczkowski who found that the ozonolysis of methyl vinyl ether in methanol resulted in
the formation of only methyl formate and methoxymethyl hydroperoxide [331]. This
implies that the primary ozonide formed via the addition of ozone to the vinyl ether
double bond dissociates asymmetrically. In the case of the plasmalogen PE(16:0p/9Z18:1), the proposed carbonyl oxide intermediate would therefore be expected on the
neutral fragment hence the absence of a methanol addition product ion in the OzESI-MS
spectrum.

The stark difference in reactivity between the plasmalogen PE(16:0p/9Z-18:1) and the
diacyl PE(9Z-18:1/9Z-18:1) suggests that OzESI-MS may be a powerful method to
differentiate plasmalogen lipids from isomeric unsaturated ether lipids (see Section
4.2.5). At the time these OzESI-MS experiments were conducted, unsaturated ether
lipid standards were not commercially available and therefore were not studied by
OzESI-MS.

190

3.2.2.4 OzESI-MS of sphingomyelins

The positive-ion OzESI-MS spectrum of SM(d18:1/9Z-18:1) is shown in Figure 3.13(a).
The [SM(d18:1/9Z-18:1)+H]+ ion is observed at m/z 729 and two ozonolysis product
ions are observed at m/z 619 and 667 corresponding to neutral losses of 110 and 62 Da,
respectively. These neutral losses are characteristic of the n-9 double bond of the 9Z18:1 substituent as previously discussed. Interestingly however, aldehyde and αmethoxyhydroperoxide ozonolysis products ions are not observed for the trans double
bond of the sphingosine backbone that might be expected at m/z 549 and 597,
respectively. This is surprising because trans double bonds are known to be more
reactive towards ozone than cis double bonds and the presence of the allylic hydroxyl
group also is known to increase the reactivity of the double bond within simple alkenes
[332]. For comparison, OzESI-MS was also applied to SM(d18:1/16:0) which contains
the saturated 16:0 substituent (Figure 3.13b). Within this spectrum, ozonolysis product
ions are observed at m/z 523, 539 and 555. The m/z 523 ion is the same mass as the
expected aldehyde product from the ozonolysis of the sphingosine backbone double
bond. In addition, the m/z 539 ion is 16 Da greater than the m/z 523 ion suggesting that
this ion may be related to the carbonyl oxide intermediate. No ion was observed
corresponding to the expected α-methoxyhydroperoxide product at m/z 571. Instead an
ion of m/z 555 was observed which is 32 Da greater than the aldehyde ion of m/z 523.
The m/z 555 ion may therefore contain the hemiacetal group from the reaction of
methanol with the aldehyde group of the m/z 523 ion within the ESI source (Scheme
3.5).
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Figure 3.13 The positive-ion m/z 184 precursor ion OzESI-MS spectrum of a) SM(d18:1/9Z18:1) and b) SM(d18:1/16:0). Both lipids were made to a concentration of 1 µM in methanol
and ozone was produced externally using an ozone generator. The aldehyde and αmethoxyhydroperoxide ozonolysis product ions for SM(d18:1/9Z-18:1) are labelled with the ■
and ● symbols, respectively.

192

O

(H3C)3N

O
O P O
OH

HN
OH

O

(H3C)3N

O
O P O
OH

HN

O O
O

HO

O

(H3C)3N

O
O P O
OH

HN

O
H
O

HO

m/z 523
CH3

O

(H3C)3N

O
O P O
OH

HN

O

HO

O H

O

(H3C)3N

O
O P O
OH

HN
HO

OH
O

m/z 555

Scheme 3.5 The proposed mechanism for the formation of a hemiacetal ozonolysis product ion
from OzESI-MS of SM(d18:1/16:0). In this mechanism, ozone reacts with the trans double
bond of the sphingosine backbone to form an aldehyde (m/z 523) which then reacts with
methanol, the ESI solvent.

3.2.2.5 OzESI-MS of triacylglycerols

Triacylglycerols lack sufficiently acidic or basic sites to form deprotonated or
protonated ions when subjected to ESI. Therefore, TAGs are commonly analysed as
ammonium, sodium or lithium adduct ions. Shown in Figure 3.14(a) is the OzESI-MS
spectrum of a methanolic solution of TAG(16:0/9Z-18:1/16:0) with 5 mM ammonium
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acetate added to drive the formation of [M+NH4]+ ions. In this OzESI-MS spectrum, the
[M+NH4]+ ion of TAG(16:0/9Z-18:1/16:0) is observed at m/z 850. Two ozonolysis
product ions are observed at m/z 740 and 788 corresponding to the neutral losses of 110
and 62 Da, respectively. These neutral losses were also observed for phospholipids
containing the 9Z-18:1 substituent suggesting that these ions correspond to the aldehyde
and α-methoxyhydroperoxide structures previously characterised. CID spectra for the
m/z 740 and 788 ions were acquired to probe the structure of these ozonolysis product
ions (Figure 3.14b and c). Two abundant product ions are observed at m/z 467 and 551
in the CID spectrum of the m/z 740 ozonolysis product ion (Figure 3.14b). The m/z 467
product ion represents a neutral loss of 273 Da from the precursor ion corresponding to
the combined neutral loss of ammonia and palmitic acid (17 + 256 Da). Conversely, the
m/z 551 ion represents the neutral loss of 189 Da corresponding to the combined neutral
loss of ammonia and 9-oxononanoic acid. Therefore, the CID spectrum of the m/z 740
ion is consistent with the expected aldehyde ozonolysis product ion. In contrast, a series
of high-mass product ions are observed at m/z 737, 722 and 705 in the CID spectrum of
the m/z 788 ozonolysis product ion (Figure 3.14c). These ions are not observed in the
CID spectrum of the aldehyde product ion and are also not observed in the CID spectra
of unmodified triacylglycerols [251]. The m/z 737 product ion represents the neutral
loss of 51 Da from the precursor ion corresponding to the neutral loss of ammonia and
hydrogen peroxide (17 + 34 Da). This is analogous to the neutral loss of hydrogen
peroxide observed from the PC α-methoxyhydroperoxide [M+H]+ ion (Figure 3.7c) and
suggests that the m/z 788 ion is indeed the α-methoxyhydroperoxide ozonolysis product
ion. The CID spectra of the m/z 740 and 788 ozonolysis product ions both display the
m/z 551 product ion. In addition, the ammonium adduct ion of TAG(16:0/9Z-18:1/16:0)
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also fragmented to form the m/z 551 ion (data not shown). Therefore, the OzESI-MS
spectrum for the ammonium adduct ion of TAG(16:0/9Z-18:1/16:0) was acquired as an
m/z 551 precursor ion spectrum to improve the signal-to-noise ratio and facilitate data
interpretation. This result demonstrates that the ozonolysis chemistry of the TAG
ammonium adduct is essentially the same as diacyl glycerophospholipid [M-H]- and
[M+H]+ ions. This therefore allows the determination of double bond position within
triacylglycerols using the aldehyde and α-methoxyhydroperoxide ozonolysis product
ions consistent with glycerophospholipids.
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Figure 3.14 a) The positive-ion OzESI-MS of 1 µM TAG(16:0/9Z-18:1/16:0) with 5 mM
ammonium acetate in methanol. This spectrum was acquired using an m/z 551 precursor ion
scan and therefore only displays the [M+NH4]+ ion of TAG(16:0/9Z-18:1/16:0) and its
ozonolysis products. b) The CID spectrum of the m/z 740 ozonolysis product ion observed in
the OzESI-MS spectrum. c) The CID spectrum of the m/z 788 ozonolysis product ion. The
aldehyde and α-methoxyhydroperoxide ozonolysis product ions are labelled with the ■ and ●
symbols, respectively.
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3.2.2.6 Determining double bond position for lipids within complex biological
mixtures using OzESI-MS

The results presented thus far have all been for pure lipid standards. The use of OzESIMS was found to result in the formation of characteristic ozonolysis product ions that
allowed double bond position to be determined. These results suggest that the position
of carbon-carbon double bonds with a purified unknown lipid could be elucidated
without the comparison to authentic standards. This would, however, require the use of
chromatographic methods to isolate the lipid of interest for OzESI-MS analysis.

Lipid analysis is commonly performed using a so-called shotgun approach where lipid
samples are directly infused into the mass spectrometer and analysed without the aid of
chromatography. Within our laboratory, the phospholipid composition of the human
lens has been extensively investigated [76, 333] and is an ideal test for OzESI-MS. A
conventional m/z 184 precursor ion mass spectrum of a cataractous human lens lipid
extract is shown in Figure 3.15(a). This spectrum was acquired using an electrospray
ionisation triple quadrupole mass spectrometer operated in the positive-ion mode. The
most abundant ion in the m/z 184 precursor ion mass spectrum is the m/z 705 ion. Using
collision-induced dissociation, this ion was identified as the dihydrosphingomyelin,
DHSM(d18:0/16:0) [76] which is fully saturated and therefore expected to be unreactive
towards ozone. A second abundant ion is also observed at m/z 815. This ion was
characterised as a dihydrosphingomyelin containing the 24:1 monounsaturated fatty
acid substituent, DHSM(d18:0/24:1), using tandem mass spectrometry [76]. The most
abundant 24:1 fatty acid found within mammalian tissues is nervonic acid (15Z-24:1);
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an n-9 fatty acid. An n-7 isomer, however, has previously been identified in primate
brain white matter using acetonitrile chemical ionisation tandem mass spectrometry
[303]. Other lipid ions within the m/z 184 precursor ion mass spectrum of a cataractous
human lens lipid extract (Figure 3.15a) are of low abundance. Therefore, the possibility
of identifying double bond position within DHSM(d18:0/24:1) was explored using
OzESI-MS (Figure 3.15b).

In the OzESI-MS spectrum of the same cataractous human lens lipid extract, two ions
are observed at m/z 753 and 781 that are absent in the conventional ESI-MS spectrum
and CID spectra were acquired for both. Neutral losses of 34 and 49 Da are observed in
both spectra which are characteristic of protonated α-methoxyhydroperoxide ozonolysis
product ions (see Section 3.2.2.1). The m/z 753 and 781 ozonolysis products correspond
to the neutral losses of 62 and 34 Da. The 62 Da neutral loss to form the αmethoxyhydroperoxide ozonolysis product ion is characteristic of a carbon-carbon
double bond in the n-9 position (Section 3.2.2.1). The expected aldehyde ion for this
double bond position, however, would have an m/z of 705 and is isobaric with the
abundant [DHSM(d18:0/16:0)+H]+ ion. The expected m/z 705 aldehyde ozonolysis
product ion therefore cannot be used for additional confirmation of the n-9 double bond
position. The neutral loss of 34 Da to form the α-methoxyhydroperoxide ozonolysis
product ion is 28 Da (or two methylene groups) less than the 62 Da neutral loss and
therefore identifies the presence of an n-7 double bond. Again, the expected aldehyde
ion at m/z 733 is isobaric with a lipid ion present in the mass spectrum in the absence of
ozone. An increase in the relative abundance of the m/z 733 ion is observed, however,
presumably due to the contribution of the aldehyde ozonolysis product ion to the m/z
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733 ion population. Despite the difficulties in observing the aldehyde product ions, the
confident identification of the m/z 753 and 781 α-methoxyhydroperoxide product ions
allows the assignment of the dihydrosphingomyelin isomers, DHSM(d18:0/15Z-24:1)
and DHSM(d18:0/17Z-24:1); where the cis geometry was assumed. Interestingly, an ion
of m/z 809 is also observed in the OzESI-MS spectrum (Figure 3.15b) which could
correspond to the α-methoxyhydroperoxide product ion of the n-5 isomer,
DHSM(d18:0/19Z-24:1). Unfortunately, the CID spectrum of the m/z 809 ion did not
have an adequate signal-to-noise ratio to allow for its structural characterisation.
Therefore, the assignment of a third dihydrosphingomyelin isomer, DHSM(d18:0/19Z24:1), remains unconfirmed from these experiments.

The successful application of OzESI-MS to a complex lipid sample is significant since
determination of double bond position within DHSM(d18:0/19Z-24:1) was not possible
using low-energy CID. Furthermore, these data demonstrate that OzESI-MS may be
used to gain information on double bond position directly from complex lipid mixtures.
It must be mentioned however, that the cataractous human lens is a rather unusual
example due to the low prevalence of unsaturated lipids.
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Figure 3.15 a) The positive-ion m/z 184 precursor ion mass spectrum of a cataractous human
lens lipid extract. The m/z 184 precursor ion scan selectively displays the protonated ions of
sphingomyelin, dihydrosphingomyelin and glycerophosphatidylcholine lipids that all contain
the phosphocholine group. b) The m/z 184 precursor ion OzESI-MS spectrum of the same
sample acquired using ozone produced externally by an ozone generator. The αmethoxyhydroperoxide ozonolysis product ions are labelled with the ● symbols. The structure
of the main isomer of DHSM(d18:0/24:1) is shown. The cataractous human lens lipid extract
was supplied by Dr. Jane Deeley [76, 333].

Under the same experimental conditions, OzESI-MS was also applied to a bovine lens
lipid extract (Figure 3.16b). Bovine lens differs from the human cataractous lens in that
it contains higher abundances of unsaturated lipids including plasmalogen
phosphatidylcholine lipids and the polyunsaturated PC(16:0/18:2) (Table 3.1).
200

Comparison of this spectrum to the conventional ESI-MS spectrum (Figure 3.16a)
allows the identification of ozonolysis product ions. Listed in Table 3.1 are the PC
lipids previously identified by CID [76] and their expected ozonolysis product ions. It
can be seen that the most abundant ion in the ESI-MS spectrum is the m/z 734 ion
corresponding to PC(16:0/16:0). This lipid is fully saturated and therefore not expected
to form ozonolysis product ions. The most abundant unsaturated PC lipid present in the
bovine lens is PC(16:0/18:1) at m/z 760. Based on the assumption that the 18:1
substituent is 9Z-18:1, two ozonolysis product ions would be expected at m/z 650 and
698. Indeed, abundant ozonolysis product ions are observed at m/z 650 and 698 in the
OzESI-MS spectrum supporting the assignment of the n-9 double bond. However, the
unsaturated lipids, PC(16:0/9Z-16:1) and PC(16:0/9Z,12Z-18:2) are also present within
the bovine lens and would also be expected to give ozonolysis product ions at m/z 650
and 698. The inability to unambiguously assign ozonolysis products to a unique
precursor reduces the confidence in the assignment of the n-9 double bond position to
PC(16:0/18:1); although the high abundance of the m/z 650 and 698 ions would suggest
that the most abundant precursor PC(16:0/9Z-18:1) is responsible. Other isomeric forms
of oleic acid are common in nature including cis-vaccenic acid (11Z-18:1). The isomeric
PC with cis-vaccenic acid, PC(16:0/11Z-18:1), would be expected to give ozonolysis
product ions at m/z 678 and 726 and these ions are identified in the OzESI-MS spectrum
(Figure 3.16b). However, PC(18:0/9Z-18:1), also present in the bovine lens, would be
expected to give ozonolysis product ions at m/z 678 and 726 therefore complicating the
assignment of the PC(16:0/11Z-18:1) isomer.
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Figure 3.16 a) The m/z 184 precursor ion mass spectrum of a bovine lens lipid extract acquired
in the positive-ion mode on an electrospray ionisation triple quadrupole mass spectrometer. b)
The m/z 184 precursor ion OzESI-MS spectrum of the same sample acquired using an on-line
ozone generator. The aldehyde and α-methoxyhydroperoxide ozonolysis product ions for
PC(16:0/9Z-18:1) are labelled with the ■ and ● symbols, respectively. The bovine lens lipid
extract was supplied by Dr. Deeley.
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Table 3.1 The PC lipids present in the bovine lipid extract and their expected and observed
ozonolysis product ions from OzESI. Double bond positions given and the expected ozonolysis
product ions are for the most common naturally-occurring isomers (16:1 = palmitoleic acid (9Z16:0), 18:1 = oleic acid (9Z-18:1) and 18:2 = linoleic acid (9Z,12Z-18:2)).
m/z

PC lipid [76]

706
718
720
732
734
746
758

14:0/16:0
16:0p/16:0
15:0/16:0
16:0/9Z-16:1
16:0/16:0
18p:0/16:0
16:0/9Z,12Z18:2
16:0/9Z-18:1
9Z-18:1/9Z18:1
18:0/18:1

760
786
788

Percentage of total
PC (%) [76]
11
1
4
8
37
3
2

Expected ozonolysis
product ions (m/z)
524
650, 698
524
650, 690, 698, 738

19
2

650, 698
566, 641, 662, 676,
724
698, 726

3

Present in OzESIMS spectrum



- except for m/z
738 ion

- except for m/z
641 and 724 ions


3.3 Conclusion

Ozonolysis in the ESI source of a commercial mass spectrometer was found to result in
a pair of ozonolysis product ions from the cleavage of lipid carbon-carbon double bonds
that permit the determination of double bond position. The ozonolysis product ions were
identified as an aldehyde and α-methoxyhydroperoxide on the basis of their CID spectra
and known ozonolysis chemistry. This method, referred to as ozone electrospray-mass
spectrometry (OzESI-MS), can be applied by generating an ozone-producing corona
discharge at the electrospray needle when using oxygen as the desolvation gas or by
using an ozone/oxygen mixture as the desolvation gas. The later approach is preferable
allowing OzESI-MS to be applied in both the negative and positive ion modes without a
decrease in signal intensity, although a dedicated ozone generator is required. OzESIMS using externally-produced ozone was applied to the range of lipid ions including;
203

the deprotonated ions of acidic phospholipid classes; protonated and sodiated ions of
phosphatidylcholine; protonated ions of sphingomyelin and dihydrosphingomyelin; and
ammonium adduct ions of triacylglycerols. In all cases, the aldehyde and αmethoxyhydroperoxide ozonolysis product ions were observed demonstrating the wide
applicability of OzESI-MS to different lipid classes and ion types.

The application of OzESI-MS to complex biological lipid extracts has been
demonstrated to allow double bond position to be determined in selected cases. The
human lens is an interesting example where the prevalence of unsaturated lipids is very
low allowing the confident assignment of two isomers for DHSM(d18:0/24:1). These
data do reveal a deficiency in the OzESI-MS technique however, in highlighting the fact
that the aldehyde ozonolysis product ions were isobaric with lipids already present
within the sample. A possible third isomer of DHSM(d18:0/24:1) was tentatively
identified, however, the ion on which this tentative identification was made could not be
confidently assigned as an ozonolysis product ion of DHSM(d18:0/24:1). For the
bovine lens extract, it was found that numerous lipids could form ozonolysis product
ions of the same mass-to-charge ratio. This complicated the analysis of double bond
position for unsaturated lipids within the bovine lens. These problems would be even
more significant when analysing lipid mixtures containing polyunsaturated lipids in
high abundance, such as a brain lipid extract [334]. While it may be possible to resolve
these problems using on-line HPLC prior to OzESI-MS analysis (see reference [335] for
an analogous approach), here we developed an alternative method whereby massselected lipid ions are reacted with ozone in an ion-trap mass spectrometer. This method
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is referred to as ozone-induced dissociation (OzID) and will be presented in the next
chapter.
3.4 Methods

3.4.1 Materials and sample preparation

All phospholipid standards were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL, USA) and used without further purification. The triacylglycerol standard 1,3dipalmitoyl-2-oleoylglycerol, analytical grade butylated hydroxytoluene (BHT) and
ammonium acetate were purchased from Sigma-Aldrich (Castle Hill, Australia). HPLC
grade methanol, ethanol and chloroform were purchased from Crown Scientific
(Sydney, Australia). D4-methanol was obtained from Cambridge Isotope Laboratories,
Inc (Andover, MA, USA). Industrial grade compressed oxygen (purity 99.5%) was
purchased from BOC gases (Cringila, Australia).

Phospholipid standards were made to a concentration between 1 and 10 µM in
methanol. The triacylglycerol standard was made to a concentration of 1 µM in
methanol with 5 mM ammonium acetate. Lens lipid extracts were prepared and supplied
by Dr. Jane Deeley [76, 333]. 50 year old cataractous lens was obtained from the Save
Sight Institute (Sydney, Australia). The bovine lens was obtained from Wollondilly
Abattoirs (Picton, Australia). Lenses were frozen under liquid nitrogen and
homogenised using a mortar and pestle with 2:1 chloroform: methanol (v/v) and 0.01%
butylated hydroxytoluene at a ratio of 20:1 solvent to lens tissue (v/w). Lipids were then
extracted using a modified Folch method as described by Deeley et al [76]. Lens lipid
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extracts were diluted to a concentration of approximately 40 µM with a final solvent
composition of 2:1 methanol: chloroform (v/v) for mass spectrometric analysis.
3.4.2 Instrumentation
3.4.2.1 Corona discharge OzESI-MS

Corona discharge OzESI-MS experiments were performed on a Thermo Finnigan LTQ
linear ion-trap mass spectrometer (San Jose, CA, USA) fitted with an Ionmax
electrospray source. The tubing from the nitrogen inlet push fitting was removed and an
oxygen cylinder was attached to the nitrogen inlet via 1/4” Teflon tubing (see Figure
3.17). The pressure was set to 100 ± 20 psi using an oxygen compatible regulator. Lipid
samples were infused into the ESI source with flow rates of 3-10 μL/min. Higher flow
rates were not used since a reduction of the relative yields of ozonolysis product ions
was observed at higher sample flow rates. (WARNING: There is a potential explosion
risk when using methanol and oxygen with the presence of a corona discharge as an
ignition source. Under normal operation with sample flow rates of 3–10 mL/min the
fuel:oxygen ratio is too low for ignition to occur. With increased sample flow rates there
may be a danger of ignitions since the fuel:oxygen ratio is increased. Particular care
needs to be taken when washing out a sample with a high flow rate of methanol since
methanol vapour may build up in the ESI source). Lipid samples were analysed in
negative-ion mode and the instrument parameters were optimised using the autotune
function with a source voltage of negative 3-4 kV. Desolvation gas flow rates were
optimised using the semi-automatic tune function. The sheath and auxiliary gases were
set to less than 15 (arbitrary units). Higher oxygen flow rates were detrimental to the
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concentration of ozone produced. Conventional ESI-MS spectra were acquired using the
optimised conditions. To acquire corona discharge OzESI-MS spectra, the source
voltage was increased until an ozone producing corona discharge was observed
(typically around negative 4.5-6 kV). A corona discharge was observed as a blue glow
at the tip of the ESI capillary (see Figure 3.3). If necessary the lights of the laboratory
were turned off to allow easier visualisation of the corona discharge.

Figure 3.17 The nitrogen input push fitting of the Thermo Finnigan LTQ ion-trap mass
spectrometer. For corona discharge OzESI-MS the nitrogen line is replaced by connecting an
oxygen cylinder via 1/4” Teflon tubing.

3.4.2.2 OzESI-MS using externally-produced ozone

OzESI-MS experiments using externally-produced ozone were performed on a
Micromass QuattroMicro (Manchester, UK) triple quadrupole mass spectrometer fitted
with a z-spray electrospray ionisation source. Ozone was produced using an ozone
generator from a NOχ analyser, Model 8840 (Monitor Labs, CO, USA). The ESI source
was modified for OzESI as follows: an oxygen cylinder was connected to the ozone
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generator using 1/4” Teflon tubing with an on-line metering valve. Using a soft plastic
fitting, a small length of silicone tubing was connected to the output line of the ozone
generator. The desolvation gas line was detached from the press fitting at front of the
mass spectrometer. The silicone tubing was connected to the desolvation gas line by
inserting the desolvation gas line into the silicone tubing (see Figure 3.18 for a
photograph of the ESI source modified for OzESI-MS). The ion source was sealed and
vented externally to the laboratory. A strip of filter paper wet with a solution of
potassium iodide was used for the detection of leaks. For a schematic of the instrument
modification for OzESI-MS see Figure 3.19.

Figure 3.18 A photograph of the modification of the electrospray ionisation source of the
Quattro triple quadrupole mass spectrometer for OzESI (externally-produced ozone) with the
desolvation gas line connected to silicone tubing. This involved detaching the desolvation gas
line from the push fitting and inserting the desolvation gas line into the silicone tubing. The
silicone tubing was connected to the output of an ozone generator.
ozone generator
with flow meter

oxygen regulator

silicone tubing

1/4" teflon tubing
metering
flow valve

soft plastic
adaptor

desolvation
gas line

ESI source
oxygen cylinder
Quattro
triple quadrupole
mass spectrometer

Figure 3.19 Schematic of the modification to the Quattro triple quadrupole mass spectrometer
for OzESI-MS using externally-produced ozone.
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The pressure upstream of the flow meter was set to approximately 5 psi using the
oxygen regulator. The oxygen flow rate was set to 160 mL/min using the metering flow
valve. For OzESI-MS, the ozone generator was turned on and several minutes were
allowed for the ozone concentration to stabilise before acquiring the resulting OzESIMS spectrum. The ozone concentration under these conditions was determined to be
approximately 0.3% (v/v) in oxygen by titrimetric analysis. Typical settings for
negative-ion mode were; sample flow rate of 5-10 µL/min, capillary voltage of 3.5 kV,
cone voltage 50 V with a source temperature of 80 oC. For positive-ion mode, similar
settings were used, however, a lower cone voltage was applied, typically either 30 or 40
V. Precursor ion scans for protonated phosphatidylcholine and sphingomyelin lipids
were performed by setting Q3 to m/z 184.1 and scanning Q1 with a fixed collision
energy of 35 eV. The precursor ion spectrum for the ammonium adduct of 1,3dipalmitoyl-2-oleoylglycerol was acquired by setting the third quadrupole (Q3) to m/z
551.3 and scanning the first quadrupole (Q1) with a fixed collision energy of 25 eV.
CID spectra were obtained by setting Q1 to the required m/z and scanning Q3 with a set
potential across the collision cell. Argon was used as the collision gas for both the
precursor ion and CID scans and was set at a pressure of approximately 3 x 10-3 Torr.
Spectra were background subtracted (40% background subtract with a first order
polynomial) and smoothed (two Savitzky Golay smoothes with a peak width of 0.75
Th) using the MassLynx software. In several of the CID spectra, a median smooth was
also used to reduce noise.
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Chapter 4 Ozone-induced dissociation (OzID)

4.1 Introduction

In the previous chapter, ozone electrospray ionisation (OzESI) was demonstrated to
provide a means to unambiguously assign double bond position within individual
phospholipids and triacylglycerols. For complex mixture analysis, however, assignment
of diagnostic ozonolysis product ions to their respective precursor(s) was found to be
challenging. Conceptually it was therefore envisaged that performing ozonolysis on
mass-selected ions within a tandem mass spectrometer would significantly simplify
structural analysis.

Ion-molecule reactions have previously been applied to mass-selected ionised
phospholipids to aid in structural characterisation. In an intriguing experiment, Cole and
Enke observed the reactions of mass-selected, protonated-phospholipid ions with ethyl
vinyl ether in a collision cell of a triple quadrupole mass spectrometer [336]. The ionmolecule reactions observed were found to be dependent on the phospholipids head
group. Unique reaction product ions were observed for individual phospholipid classes.
This allowed for neutral gain scans to be performed to selectively detect phospholipids
belonging to a single class [336]. An example of a neutral gain scan is shown in Figure
4.1. A comparison between the MS spectrum and the neutral gain spectrum shows that
the signal-to-noise was improved in the neutral gain spectrum. Moreover, the +26 Da
neutral gain scan was specific for phosphatidylglycerol and thus simplified the resulting
spectrum [336].
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(a)

(b)

Figure 4.1 a) The MS spectrum of a sample containing a phosphatidylglycerol and b) the +26
Da neutral gain spectrum of the same sample. The +26 Da neutral gain scan is specific for
phosphatidylglycerol and greatly enhances the signal-to-noise ratio of the resulting mass
spectrum. Figure adapted from reference [336].

While not explicitly performed on lipids, a range of ion-molecule reactions have
previously been applied for the structural elucidation of isomeric alkenes. In an
experiment by Gross and co-workers, the 1,3-butadiene radical cation was allowed to
react with C5H10 isomers, including positional and geometric isomers of pentene, within
an ion cyclotron resonance cell [337]. Differences in the ion-molecule chemistry was
observed for all C5H10 isomers studied and allowed the positional isomers 1-pentene and
cis-2-pentene to be distinguished [337]. In an extension of this early work, other
researchers have sought to assign double bond position in alkenes through the use of
ion-molecule reactions. Budzikiewicz and co-workers tested a variety of reactant gases
in the chemical ionisation of isomeric alkenes [338]. The reactant gases isobutane, nitric
oxide and methylamine were found to promote fragmentations that allow the
localisation of double bonds and the differentiation of cis and trans isomers. Einhorn
and co-workers later performed ion-molecule reactions of mass-selected ionised alkenes
with neutral alkenes in an ion-trap mass spectrometer [339]. The reaction of alkene
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radical cations and neutral alkenes were found to result in reaction product ions
informative of double bond position.

These studies serve to demonstrate the principle of classical gas-phase ion chemistry for
structure elucidation in mass-selected ions. The use of ion-molecule reactions combined
with tandem mass spectrometry to directly determine double bond position in more
complex lipids, such as phospholipids and triacylglycerols, has not previously been
reported. In this chapter we describe the reactions of mass-selected ionised lipids with
ozone vapour in an ion-trap mass spectrometer. The chemically-driven fragmentation of
unsaturated precursor ions observed (and thus the technique itself) is referred to as
ozone-induced dissociation (OzID).

4.2 Results and discussion

4.2.1 OzID of phosphatidylcholine cations

Instrument modifications to an linear ion-trap mass spectrometer were made to allow
the study of ion-molecule reactions [340]. High-concentration ozone (12% v/v by
titrimetric analysis) was produced in a fume hood and collected in a plastic syringe. The
plastic syringe containing high-concentration ozone was then connected to the helium
supply line via a capillary restriction (100 mm length and 0.023 mm internal diameter).
By varying the activation time (but without activation energy), mass-selected lipid ions
were trapped in the presence of ozone for up to 10 seconds. Shown in Figure 4.2 is the
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OzID spectrum of the sodium adduct ion of the phosphatidylcholine, PC(16:0/9Z-18:1).
To acquire this spectrum, the m/z 782 ion was selectively isolated and then trapped for
10 seconds in the presence of ozone vapour. Two ozonolysis product ions are observed
at m/z 672 and m/z 688 in the OzID spectrum of PC(16:0/9Z-18:1). The formation of the
m/z 672 ion represents a neutral loss of 110 Da from the precursor [M+Na]+ ion
analogous to that previously been observed from the ozone electrospray ionisation-mass
spectrometry (OzESI-MS) of n-9 lipids (see Chapter 3). The m/z 672 ion is thus
assigned as the aldehydic product from the ozonolysis of the n-9 double bond of
PC(16:0/9Z-18:1) (Scheme 4.1). The m/z 688 ion is 16 Da higher than the m/z 672 ion
indicating the presence of an additional oxygen atom. The mass of this ion is therefore
consistent with the putative carbonyl oxide intermediate formed from the decomposition
of the primary ozonide. It is unclear, however, if this ion has the carbonyl oxide moiety
or a structure resulting from the subsequent rearrangement of this reactive moiety.
Possible rearrangement products include the formation of a carboxylic acid or vinyl
hydroperoxide (Scheme 4.1). Since the structure of this ion is unclear, this ion is
referred to as the Criegee ion in reference to Criegee’s mechanism for ozonolysis [324].
To account for the product ions arising from gas-phase ozonolysis of the PC(16:0/9Z18:1) sodium adduct ion, the mechanism shown in Scheme 4.1 was proposed. This
mechanism is similar to that proposed for PA(16:0/9Z-18:1) ozonolysis under OzESI
conditions (Scheme 3.1) except for the fate of the carbonyl oxide. In the OzESI
experiment, the carbonyl oxide was found to react with the electrospray solvent,
methanol, to form an α-methoxyhydroperoxide. Conversely, in the OzID experiment the
lipid ion is free from solvent interactions and therefore the carbonyl oxide is either
directly observed or undergoes unimolecular rearrangement to an isomeric structure.
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An ion at m/z 629 is also observed in the OzID spectrum of the sodiated PC(16:0/9Z18:1) ion (Figure 4.2). This represents a further neutral loss of 59 Da from the m/z 688
ozonolysis product ion. The neutral loss of 59 Da, corresponding to loss of
trimethylamine from the phosphocholine headgroup, is known to be a major collisioninduced dissociation pathway for PC alkali metal ion adducts [249]. Indeed, an
additional ion of m/z 724 representing a neutral loss of 59 Da is also observed in the
OzID spectrum of the PC(16:0/9Z-18:1) sodium adduct ion as a result of collisioninduced dissociation during ion isolation at 3 Th. Therefore, the neutral loss of 59 Da
from the m/z 688 ozonolysis product ion is likely due to energy liberated from the
addition of ozone across the double bond and subsequent decomposition as well as
possible further rearrangement reactions of the carbonyl oxide as suggested in Scheme
4.1. An ion of 47.4 Da greater than the [M+Na]+ precursor ion of PC(16:0/9Z-18:1) is
also observed. The [M+Na+47.4]+ ion is proposed to result from the addition of ozone
to the precursor ion, potentially forming a secondary ozonide analogous to the stable
ozonide formed from the ozonolysis of alkenes in inert solvents. The large mass defect
of the [M+Na+47.4]+ ion is possibly due to fragmentation of the ozonide during ejection
from the ion trap for mass analysis.
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Figure 4.2 The OzID spectrum of the sodium adduct ion of PC(16:0/9Z-18:1). Precursor ions
were formed from the electrospray ionisation of a solution of 1 μM PC(16:0/9Z-18:1) in
methanol with 200 μM sodium acetate. A trapping time of 10 seconds in the presence of ozone
was used to generate the OzID spectrum. The aldehyde and Criegee ion ozonolysis products are
labelled with the ■ and ● symbols, respectively.
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Scheme 4.1 The proposed mechanism for the formation of the two primary ozonolysis product
ions, m/z 672 and 688 ions, observed from OzID of the [PC(16:0/9Z-18:1)+Na]+ ion.
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OzID was also applied to the [M+H]+ and [M+Li]+ ions of PC(16:0/9Z-18:1) (Figure
4.3). For both cations the major ozonolysis product ions correspond to neutral losses of
110 and 94 Da analogous to those observed for the sodium adduct ion (Figure 4.2) and
are therefore assigned as the aldehyde and Criegee ions. Subtle differences, however,
are observed in the OzID spectra of the protonated and lithiated ions. For the [M+Li]+
ion, the neutral losses of 59 Da from the aldehyde and Criegee ions are observed similar
to the sodium adduct ion shown in Figure 4.2. Conversely, the [M+H]+ ion does not
show the loss of 59 Da from aldehyde and Criegee ions. This is expected since the
dominant fragmentation pathway of protonated PC ions is the formation of the m/z 184
phosphocholine ion [249]. Significantly, the abundance of the ozonolysis product ions
in the OzID spectrum of the alkali metal ion adduct, [M+Li]+, are approximately five
times more abundant than for the [M+H]+ ion of PC(16:0/9Z-18:1). Furthermore, the
abundance of the ozonolysis product ions within the OzID spectrum of the sodium
adduct ion (Figure 4.2) are similar to that observed for the OzID spectrum of the lithium
adduct

ion

acquired

under

identical

conditions.

This

would

suggest

that

phosphatidylcholine alkali metal adduct ions are more reactive towards ozone than
protonated phosphatidylcholine ions. This suggests that the mechanism proposed in
Scheme 4.1 is an oversimplification as the charge carrier clearly has an effect on the
reaction rate, potentially by activating the double bond or altering the gas-phase
confirmation of the lipid ion. Sodium adducts were used in all further positive-ion OzID
experiments due to their higher reactivity when compared to protonated ions and the
fact that they are easily generated by ESI.
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Figure 4.3 OzID spectra of the a) [M+H]+ and b) [M+Li]+ ions of PC(16:0/9Z-18:1). A trapping
time of 10 seconds in the presence of ozone was used to generate both OzID spectra. The
aldehyde and Criegee ion ozonolysis product ions are labelled with the ■ and ● symbols,
respectively.

The OzID spectra of the regioisomers, PC(9Z-18:1/9Z-18:1) and PC(6Z-18:1/6Z-18:1),
are shown in Figure 4.4. These spectra were acquired using two isolation steps to
remove the collision-induced dissociation product ion, [M+Na-59]+, from the OzID
spectra. This entailed first isolating the PC sodium adduct ion at an isolation width of 3
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Th followed by a second isolation step using an isolation width of 10 Th. The first
isolation step at 3 Th was needed to select only the [M+Na]+ ion but had the undesired
consequence of inducing fragmentation of the precursor ion to form the [M+Na-59]+
product ion. The second wider isolation step at 10 Th was used to excluded the [M+Na59]+ product ion but did induce fragmentation of the precursor ion thus simplifying the
resulting OzID spectra. For the sodiated PC(9Z-18:1/9Z-18:1) ion, the aldehyde and
Criegee ozonolysis product ions are observed at 110 and 94 Da below the precursor ion
(Figure 4.4a). These neutral losses are identical to those observed for PC(16:0/9Z-18:1)
and indicate the presence of an n-9 double bond. Conversely, for the sodiated PC(6Z18:1/6Z-18:1) ion the aldehyde and Criegee ozonolysis product ions are observed at 152
and 136 Da below the precursor ion (Figure 4.4b). These ozonolysis product ions are 42
Da, or three methylene groups, below the ozonolysis product ions of sodiated PC(9Z18:1/9Z-18:1) and indicate the presence of an n-12 double bond. These data therefore
clearly indicate that OzID can unambiguously identify double bond position and
differentiate phospholipid regioisomers.
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Figure 4.4 The OzID spectra of the [M+Na]+ ions of (a) PC(9Z-18:1/9Z-18:1) and (b) PC(6Z18:1/6Z-18:1) using a trapping time of 10 seconds. Both phospholipids were made to a
concentration of 1 μM in methanol with 200 μM sodium acetate to aid sodium adduct formation
during ESI. Two mass isolation steps were used to reduce the abundance of the [M+Na-59]+
CID product ion in the OzID spectra. The aldehyde and Criegee ion ozonolysis products are
labelled with the ■ and ● symbols, respectively.
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4.2.2 OzID of glycerophospholipid anions

The OzID spectrum of the [PG(9Z-18:1/9Z-18:1)-H]- ion using a trapping time of 10
seconds is shown in Figure 4.5(a). To acquire this spectrum, only one isolation step was
required since fragmentation of glycerophospholipid anions was not encountered upon
ion isolation. The [PG(9Z-18:1/9Z-18:1)-H]- ion is observed at m/z 773 while
ozonolysis products ions are observed at m/z 661, 663 and 679. The m/z 663 and 679
ions represent neutral losses of 110 and 94 Da, respectively, from the precursor ion.
These neutral losses were also observed from the [M+Na]+ ions of the n-9
phospholipids, PC(16:0/9Z-18:1) and PC(9Z-18:1/9Z-18:1) (see Figure 4.2 and Figure
4.4a) and thus the m/z 663 and 679 ions are assigned as aldehyde and Criegee ions,

respectively. Given the sensitivity of CID in revealing phospholipid structure in
negative-ion mode [245], a CID spectrum of the Criegee ion at m/z 679 ion was
acquired to gain further structural detail of this ozonolysis product ion (Figure 4.5b).
The neutral loss of water was observed from the m/z 679 Criegee ion forming an
abundant product ion at m/z 661. The neutral loss of water may be expected from both
the vinyl ether hydroperoxide and carboxylic acid rearrangement products of the
carbonyl oxide. Therefore, the observed neutral loss of water from the Criegee ion does
not provide greater insight into the molecular structure of this ion. Interestingly though,
the neutral loss of water from the Criegee ion accounts for the m/z 661 ion observed in
the OzID spectrum of PG(9Z-18:1/9Z-18:1).
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Figure 4.5 a) The OzID spectrum of the [PG(9Z-18:1/9Z-18:1)-H]- ion acquired using trapping
time of 10 seconds. b) The CID spectrum (MS3) of the m/z 679 ozonolysis product ion from the
OzID of PG(9Z-18:1/9Z-18:1). The PG(9Z-18:1/9Z-18:1) standard was made to a concentration
of 1 μM in methanol. The aldehyde and Criegee ions are labelled with the ■ and ● symbols,
respectively.

OzID spectra were also acquired for the [M-H]- ions of the dioleoyl-PA, PE, PS and PI
standards and the [M-2H]2- ion of the tetraoleoyl-CL standard (Figure 4.6). For the
dioleoyl-PA, PE, PS and PI standards, the neutral losses of 110 and 94 Da are observed
corresponding to the aldehyde and Criegee ions (Figure 4.6a,b,c and d). Furthermore,
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the loss of water from the Criegee ion is observed for dioleoyl-PA, PE, PS and PI.
Differences, however, between the dioleoyl standards are observed. Most notable is the
presence of an abundant adduct ion at m/z 733 in the OzID spectrum of PA(9Z-18:1/9Z18:1) (Figure 4.6a). A less abundant adduct ion is also observed at m/z 775 in the OzID
spectrum of PE(9Z-18:1/9Z-18:1) (Figure 4.6b). These adduct ions correspond to the
neutral gain of 34 and 33 Da, respectively, and therefore are presumably not formed as a
result of ozone chemistry. A more likely explanation is the formation of non-covalent
adducts with neutral molecules present within the bath gas. The high abundance of an
adduct ion for PA(9Z-18:1/9Z-18:1) may be due to the presence of a bare phosphate
anion which readily adducts to polar neutral molecules. Conversely, the phosphate
anions of PE, PS and PI (as well as PG – see Figure 4.5a) may be self solvated via
interactions with the polar headgroup [214]. Differences in the ratio of the aldehyde to
Criegee ion are also observed for dioleoyl-PA, PE, PS and PI (also see Section 4.2.3 for
examples of anionic glycerophospholipids from a cow kidney extract). For PA(9Z18:1/9Z-18:1) and PE(9Z-18:1/9Z-18:1), the Criegee ion is more abundant than the
aldehyde ion whereas for PS(9Z-18:1/9Z-18:1) and PI(9Z-18:1/9Z-18:1) the aldehyde
ion is more abundant than the Criegee ion. The differences in the aldehyde to Criegee
ion ratio are likely the result of differences in the branching ratios for the decomposition
of the primary ozonide. This may imply an involvement of the phospholipid headgroup
in the ozonolysis reaction. For the OzID spectrum of the [CL(9Z-18:1/9Z-18:1/9Z18:1/9Z-18:1)-2H]2- ion, the doubly-charged aldehyde and Criegee ions are observed at
m/z 672 and 680 corresponding to the neutral losses of 110 and 94 Da, respectively.
Interestingly however, an abundant ion at m/z 1455 is also observed for the cardiolipin
standard corresponding to the [M-H]- ion. Singly-charged aldehyde and Criegee ions are
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also observed at m/z 1345 and 1361 corresponding to the neutral losses of 110 and 94
Da from the [M-H]- ion. The presence of singly-charged ions in the OzID spectrum of
the [M-2H]2- ion implies the involvement of a charge transfer reaction possibly due to
contaminant gases in the ion trap.
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Figure 4.6 OzID spectra of the [M-H]- ions of (a) PA(9Z-18:1/9Z-18:1), (b) PE(9Z-18:1/9Z18:1), (c) PS(9Z-18:1/9Z-18:1) and (d) PI(9Z-18:1/9Z-18:1). For the PA standard, a large noncovalent adduct ion was observed at m/z 733. (e) The OzID spectrum of the [M-2H]2- ion of
CL(9Z-18:1/9Z-18:1/9Z-18:1/9Z-18:1). For CL, gas-phase protonation of the doubly-charged
anion resulted in the formation of the [M-H]- ion. Phospholipid standards were made to a
concentration of 1 µM in methanol. OzID spectra were acquired using a trapping time of 10
seconds.
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4.2.3 OzID of glycerophospholipids from a cow kidney lipid extract

The OzID spectra shown thus far have been of lipid standards of known structure. In all
cases, OzID was able to unambiguously confirm double bond position. Clearly
however, a significant advantage of this technology is its application to lipids present in
complex mixtures since lipid ions are isolated prior to ozonolysis. A cow kidney lipid
extract was chosen to demonstrate the utility of OzID for identifying double bond
position for unknown phospholipids present within complex mixtures. The cow kidney
lipid extract contains phospholipids with a range of headgroups and degrees of
unsaturation. Previously within our laboratory, cow kidney phospholipids have been
identified using mass spectrometry [334]. The locations of carbon-carbon double bonds
for unsaturated phospholipids were not determined due to limitations of the mass
spectrometric protocols available at the time.

The positive-ion ESI-MS spectrum of a cow kidney lipid extract with 200 µM sodium
acetate added to the mixture is shown in Figure 4.7(a). This spectrum shows the
abundant PC and SM lipids present within the extract as sodium adduct ions. The
sodium adduct ion of PC(16:0/20:4) at m/z 804 was selected and allowed to react with
ozone and the resulting OzID spectrum is shown in Figure 4.7(b). Ozonolysis product
ions are observed at m/z 616, 632, 656, 672, 696, 712, 736 and 752 representing neutral
losses of 188, 172, 148, 132, 108, 92, 68 and 52 Da corresponding to two series of ions;
where the aldehyde ions are of m/z 616, 656, 696 and 736 and the Criegee ions are of
m/z 632, 672, 712 and 752. Interestingly, ions within both the aldehyde and Criegee ion
series are separated by 40 Da. This is characteristic of methylene-interrupted double
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bonds

as

previously

observed

for

the

OzESI-MS

of

PS(5Z,8Z,11Z,14Z-

20:4/5Z,8Z,11Z,14Z-20:4) (See Figure 3.6). The m/z 736 and 752 product ions from the
ozonolysis of the terminal double bond represent neutral losses of 68 and 52 Da from
the precursor ion. The neutral loss of 68 Da to form the aldehyde ion has previously
been observed for the OzESI-MS of PC(16:0/9Z,12Z-18:2) (See Figure 3.10).
Therefore, the 68 and 52 Da neutral losses to form the aldehyde and Criegee ions are
indicative of an n-6 double. From these data, the structure of the m/z 804 ion can be
assigned as the sodium adduct of PC(16:0/5Z,8Z,11Z,14Z-20:4) where the double bond
geometries are assumed to be all cis as expected for arachidonic acid.
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Figure 4.7 a) The positive-ion ESI-MS spectrum of a cow kidney lipid extract acquired on an
ion-trap mass spectrometer when an ozone/oxygen mixture was present within the ion-trapping
region. b) The OzID spectrum of the sodiated adduct ion of PC(16:0/20:4) acquired with a
trapping time of 10 seconds. The aldehyde and Criegee ions are labelled with the ■ and ●
symbols, respectively. Sodium acetate was added to the extract at a concentration of 200 µM to
enhance the formation of sodium adducts.
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The negative-ion ESI-MS spectrum of the cow kidney lipid extract is shown in Figure
4.8(a). This spectrum shows the deprotonated ions of the acidic glycerophospholipids
present within the extract. OzID was applied to the m/z 766, 885 and 887 ions which
have previously been identified by CID as PE(18:0/20:4), PI(18:0/20:4) and
PI(18:0/20:3), respectively (Figure 4.8b, c and d). The OzID spectra of the deprotonated
PE(18:0/20:4) and PI(18:0/20:4) ions display the neutral losses of 188, 172, 148, 132,
108, 92, 68 and 52 Da. These neutral losses were also observed for
PC(16:0/5Z,8Z,11Z,14Z-20:4) (See Figure 4.7b). This indicates that both PE(18:0/20:4)
and PI(18:0/20:4) are n-6 lipids with four methylene-interpreted double bonds and are
thus assigned as PE(18:0/5Z,8Z,11Z,14Z-20:4) and PI(18:0/5Z,8Z,11Z,14Z-20:4).

The OzID spectrum of PI(18:0/20:3) is shown in Figure 4.8(d). There are three
commonly-occurring isomers of the 20:3 fatty acid, these are the methylene-interrupted
n-3, n-6 and n-9 isomers. Structurally-diagnostic ozonolysis product ions are observed
at m/z 739, 755, 779, 795, 819 and 835 in the OzID spectrum of PI(18:0/20:3). The
aldehyde (m/z 739, 779 and 819) and Criegee ions (m/z 755, 795 and 835) are separated
by 40 Da indicating that the three double bonds of the 20:3 acyl chain are methylene
interrupted. The m/z 819 and 835 product ions from the ozonolysis of the terminal
double bond represent the neutral losses of 68 and 52 Da characteristic of an n-6 double
bond. These data allow the structure of PI(18:0/8Z,11Z,14Z-20:3) to be assigned where
the double bond geometries are assumed to be all cis as known for dihomo-γ-linolenic
acid.

228

In contrast to the isolation width of 3 Th used for the mass selection of lipid standards,
an isolation width of 2-3 Th was used for lipids from complex mixtures. An isolation
width of less than 3 Th was needed in certain cases to exclude other lipid ions when
isolating the lipid ion of interest. Unfortunately, an isolation width of 1 Th could not be
used under OzID conditions; presumably due to ion activation during isolation which, in
the presence of oxygen and ozone, leads to collision-induced dissociation of the selected
ion. Interestingly, this CID process likely means that ions on either side of the isolation
window are lost during mass selection at an isolation width of 2 Th; thereby allowing
unit mass selection even at this wider isolation width.
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Figure 4.8 a) The negative-ion ESI-MS spectrum of a cow kidney lipid extract. The OzID
spectra of b) PE(18:0/20:4), c) PI(18:0/20:4) and d) PI(18:0/20:3) from the same sample. OzID
spectra were acquired using a trapping time of 10 seconds.
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4.2.4 OzID of the most abundant unsaturated phospholipid of a human
lens extract

In Section 3.2.2.6, OzESI-MS was applied to a human cataractous lens extract to
identify the double bond position within the most abundant unsaturated phospholipid,
DHSM(d18:0/24:1). This allowed two isomers to be confidently assigned;
DHSM(d18:0/15Z-24:1) and DHSM(d18:0/17Z-24:1), where the double bond geometry
was assumed to be cis for both isomers. A possible third isomer was also tentatively
assigned as DHSM(d18:0/19Z-24:1). Limitations of the OzESI method unfortunately
prohibited unambiguous identification of the latter, low abundance species.

Shown in Figure 4.9(a) is the positive-ion ESI-MS spectrum of a human lens lipid
extract with the addition of sodium acetate to the electrospray solution. In this spectrum,
the sodium adduct ion of DHSM(d18:0/24:1) is observed at m/z 837. The OzID of this
ion is shown in Figure 4.9(b). In this spectrum, three sets of ozonolysis product ions are
observed from this monounsaturated lipid indicating the presence of three isomers. The
most abundant set of ozonolysis products ions are observed at m/z 727 and 743
representing the neutral losses of 110 and 94 Da. These neutral losses are representative
of an n-9 acyl chain. Another set of ozonolysis products are observed at m/z 755 and
771 representing neutral losses of 82 and 66 Da. This pair of ions is 28 Da, or two
methylene groups, greater than the m/z 727 and 743 ions indicating an n-7 acyl chain.
The least abundant set of ozonolysis products are observed at m/z 783 and 799
representing neutral losses of 54 and 38 Da. These ozonolysis product ions are therefore
indicative of a double bond in the n-5 position. From these data, the structures of three
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isomeric

dihydrosphingomyelins

are

assigned;

DHSM(d18:0/15Z-24:1),

DHSM(d18:0/17Z-24:1) and DHSM(d18:0/19Z-24:1), where double bond geometry is
assumed to be cis for all three isomers. From the relative abundances of the n-9, n-7 and
n-5 ozonolysis product ions, it may be assumed that the n-9 isomer is most abundant
whereas the n-5 isomer is least abundant. It is possible, however, that the position of the
carbon-carbon double bond may alter the reaction rate. Therefore, care must be taken
when assigning the relative percentages of multiple isomers without appropriate
standards or until greater understanding of the effect of double bond position on
reactivity is gained through ongoing research. Previously, using standard mass
spectrometric techniques, DHSM(d18:0/24:1) would have been assumed to be
DHSM(d18:0/15Z-24:1) since 15Z-24:1 (nervonic acid) is the most abundant naturally
occurring 24:1 isomer. This example therefore highlights the fact that, even in a
relatively simple sample, there exists a greater structural diversity than that typically
described and which standard lipidomic analysis would not reveal.
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Figure 4.9 a) The positive-ion ESI-MS spectrum of a human lens lipid extract. All
phospholipids within this spectrum were ionised as sodium adducts due to the addition of
sodium acetate to the lipid extract. b) The OzID spectrum of the m/z 837 ion from spectrum (a).
The m/z 837 ion was identified as the sodium adduct of DHSM(d18:0/24:1). The structure
shown in (b) is that of the major isomer identified from OzID.
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4.2.5 CID-OzID: Determining double bond position for an unsaturated
ether lipid of the human lens

The negative-ion ESI-MS spectrum of a human lens lipid extract is shown in Figure
4.10(a). Within this spectrum, an abundant lipid ion is observed at m/z 728. The CID
spectrum of the m/z 728 ion is shown in Figure 4.10(b) and displays product ions at m/z
281, 446 and 464. The m/z 281 product ion indicates the presence of an 18:1 fatty acid
substituent [246]. In addition, the m/z 446 and 464 product ions represent the neutral
losses of 282 and 264 Da and therefore are attributed to the neutral loss of the 18:1
substituent as a carboxylic acid and as a ketene, respectively [246]. Two ether
phosphatidylethanolamine lipids could be proposed from these mass spectrometric data;
PE(18:0p/18:1) and PE(18:1e/18:1), where the two isomeric lipids are differentiated by
the position of the double bond in the ether moiety. In both structures, the ether-linked
chain is assumed to be at the sn-1 position since it is known that ether linkages are
located at this position [166, 341].

An OzID mass spectrum was acquired for the m/z 728 ion and is shown in Figure
4.10(c). In this spectrum, ozonolysis product ions are observed at m/z 618, 634, 646 and
662. The m/z 618 and 634 ions represent the neutral losses of 110 and 94 Da and
therefore indicate the presence of an n-9 double bond. Conversely, the m/z 646 and 662
ions correspond to the neutral losses of 82 and 66 Da and thus indicate the presence of
an n-7 double bond. Significantly, no ozonolysis product ion was observed at m/z 506 as
may be expected from the ozonolysis of the plasmalogen phosphatidylamine,
PE(18:0p/18:1) (see Section 3.2.2.3 for

the OzESI-MS of the analogous
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PE(16:0p/18:1)). This suggests that the m/z 728 ion from the human lens extract has the
structure of PE(18:1e/18:1).

Unfortunately, based on these data alone the n-9 and n-7 double bond positions
indicated in the OzID spectrum cannot be assigned to either the ether or ester linked
substituents. To determine the locations of the n-9 and n-7 double bonds, OzID was
applied to the m/z 464 product ion from the CID of PE(18:1e/18:1) in an MS3
experiment. This CID-OzID spectrum is shown in Figure 4.10(d). The CID product ion
at m/z 464 results from the neutral loss of the 18:1 fatty acid as a ketene and therefore
only contains a single remaining carbon-carbon double bond on the ether-linked chain.
In the CID-OzID spectrum of the m/z 464 product ion, two ozonolysis product ions are
observed at m/z 382 and 397. These ozonolysis product ions represent the neutral losses
of 82 and 66 Da indicating the presence of an n-7 double bond on the sn-1 ether-linked
chain. An ozonolysis product ion at m/z 380 is also observed in the CID-OzID spectrum
and may be attributed to the loss of water from the Criegee ion. The n-9 double position
indicated by OzID of the intact PE (Figure 4.10c) could thus be assigned to the sn-2
fatty acid since significant neutral losses of 110 and 94 Da were not observed in the
CID-OzID spectrum (Figure 4.10d). These data lead to the structural assignment of
PE(11Z-18:1e/9Z-18:1) where the carbon-carbon double bonds are assumed to be cis. It
should also be mentioned that the presence of PE(11Z-18:1e/11Z-18:1) within the
human lens cannot be excluded since it is possible that the n-7 double bond position
may also be present in the ester-linked substituent. To definitively identify the presence
of PE(11Z-18:1e/11Z-18:1) would require an OzID spectrum to be acquired for the 18:1
carboxylate anion. Unfortunately, fatty acid [M-H]- ions were not amenable to OzID
236

analysis due to their low reactivity towards ozone and propensity to form non-covalent
adducts with background neutral molecules. Therefore the presence or absence of
PE(11Z-18:1e/11Z-18:1) in the human lens remains ambiguous.
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Figure 4.10 (a) The negative-ion ESI-MS spectrum of a human lens lipid extract. (b) The CID
spectrum of the abundant m/z 728 ion. This CID spectrum is consistent with a phospholipid with
the structure of PE(18:1e/18:1). (c) The OzID spectrum of the PE(18:1e/18:1) ion at m/z 728.
This spectrum reveals the presence of the n-9 and n-7 double bond positions. (d) The CID-OzID
spectrum of the m/z 464 product ion from the CID of the m/z 728 ion. The m/z 464 product ion
results from the neutral loss of the 18:1 fatty acid as a ketene and therefore only contains the
ether-linked unsaturated chain.
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4.2.6 OzID of a triacylglycerol

Ammonium adducts are commonly employed in the analysis of triacylglycerols by mass
spectrometry (see Section 2.3.3). Unfortunately, OzID of triacylglycerol ammonium
adducts proved unsuccessful. This was because isolation of triacylglycerol ammonium
adduct ions at an isolation width of 3 Th caused excessive dissociation. Using sodium
adducts, however, this problem of ion isolation was overcome. Shown in Figure 4.11 is
the OzID spectrum of the sodium adduct of TAG(16:0/9Z-18:1/16:0). Two ozonolysis
product ions are observed at m/z 746 and 762 representing the neutral losses of 110 and
94 Da. These neutral losses therefore confirm the presence of an n-9 double bond.
Interestingly, an abundant ozonide ion is observed at m/z 903. The unusually high
abundance of the ozonide ion may be due to the sodium ion facilitating the
rearrangement of the primary ozonide to a stable secondary ozonide.

239

O

Na

O
O

O

O

O

[M+Na]+

x10

855.7

100
80

■

746.0

60
40
20
0
700

●

903.1

761.9
871.6
750

800
m/z

850

900

Figure 4.11 The OzID spectrum of the sodium adduct ion of the triacylglycerol, TAG(16:0/9Z18:1/16:0). The triacylglycerol [M+Na]+ ion was generated from the electrospray of a 1 μM
TAG(16:0/9Z-18:1/16:0) methanolic solution with 100 μM sodium acetate.

4.2.7 OzID of TAG(18:1/18:1/18:1) from a sample of olive oil

The production of olive oil and other vegetable oils is an important industry worldwide
and there is therefore a need to be able to characterise the lipid content of these oils. By
using CID, the total number of carbons and double bonds of fatty acid substituents can
be determined for triacylglycerols (see Figure 2.23 for the CID spectrum of
TAG(18:1/18:1/18:1) from an olive oil sample). As in the case for phospholipids,
determining double bond position remains challenging. The positive-ion ESI-MS
spectrum of a commercial sample of olive oil dissolved in methanol with 100 μM
sodium acetate is shown in Figure 4.12(a). The most abundant ion in this spectrum is
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the sodium adduct of TAG(18:1/18:1/18:1). An OzID spectrum was acquired for this
ion and is shown in Figure 4.12(b). Two ozonolysis products are observed at m/z 798
and 814 and represent the neutral losses of 110 and 94 Da which are characteristic of the
n-9 double bond position. No other OzID product ions are observed in high abundance
and therefore the three unsaturated acyl chains of TAG(18:1/18:1/18:1) are assumed to
have the n-9 double position. The most abundant triacylglycerol present within the olive
oil sample is therefore assigned as TAG(9Z-18:1/9Z-18:1/9Z-18:1) where all double
bond geometries are assumed to be cis as in oleic acid.
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Figure 4.12 a) The positive-ion ESI-MS spectrum of a commercial sample of olive oil dissolved
in methanol with 100 μM sodium acetate. b) The OzID spectrum of the most abundant
triacylglycerol present within the olive oil sample, TAG(18:1/18:1/18:1). The addition of
sodium acetate to the olive oil solution resulted in the formation of triacylglycerol sodium
adduct ions which are amenable to OzID analysis.

242

4.3 Conclusion

Using a modified linear ion-trap mass spectrometer, unsaturated lipid ions were isolated
by mass selection and allowed to react with ozone. The reaction of lipid ions with ozone
was found to result in the formation of two primary ozonolysis product ions that readily
identify double bond position. We refer to this technique as ozone-induced dissociation
(OzID). We have demonstrated that OzID can be applied to a wide range of lipid ions
including the deprotonated ions of the acidic phospholipid classes, protonated, lithiated
and sodiated ions of PC and sodium adducts of triacylglycerols. In all cases, the major
ozonolysis product ions were the aldehyde and Criegee ions (or fragments thereof e.g.
water loss as in Figure 4.10d). This predictable behaviour allows unambiguous
assignment of double bond position without reference to an authentic standard. OzID
was applied to complex lipid mixtures including cow kidney and human lens lipid
extracts and a commercial sample of olive oil. For the cow kidney lipid extract, OzID
was applied to several cationic and anionic polyunsaturated phospholipids. Ozonolysis
product ions were observed for the reaction of all carbon-carbon double bonds of
polyunsaturated substituents allowing the locations of all double bonds to be
determined. In the human lens, three isomers of the most abundant unsaturated
phospholipid were identified; DHSM(d18:0/15Z-24:1), DHSM(d18:0/17Z-24:1) and
DHSM(d18:0/19Z-24:1). Interestingly, the 19Z-24:1 acyl chain, an n-5 lipid, has not
previously been identified. This highlights the structural diversity that standard lipid
analysis by mass spectrometry may be missing. OzID was also applied to a commercial
sample of olive oil where double bond positions were assigned for the most abundant
triacylglycerol present within the olive oil sample.
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Due to the incorporation of ion-selection, OzID is compatible with on-line, automated
lipid analysis protocols. As OzID requires no prior chromatography or derivatisation,
the time taken for determining double bond position within intact lipids is drastically
reduced. Moreover, the interpretation of OzID spectra is unambiguous and
uncomplicated. The predicable behaviour of OzID allows the expected neutral losses for
the aldehyde and Criegee ions to be calculated for monounsaturated and
polyunsaturated fatty acids. Shown in Table 4.2 are the expected neutral losses for the
double bond positions of n-1 to n-17 from the OzID of monounsaturated fatty acids.
Note that for the double bond positions n-1 and n-2, neutral gains are expected upon
ozonolysis. The expected neutral losses for the aldehyde and Criegee ions were also
determined for n-3, n-6 and n-9 polyunsaturated fatty acids (Table 4.2).

Table 4.1 A list of expected neutral losses or gains for the aldehyde and Criegee product ions
from OzID of monounsaturated fatty acids with double bond positions of n-1 to n-17.
db position

neutral loss/(gain)

n

aldehyde

Criegee

1

(2)

(18)

2

12

(4)

3

26

10

4

40

24

5

54

38

6

68

52

7

82

66

8

96

80

9

110

94

10

124

108

11

138

122

12

152

136

13

166

150

14

180

164

244

15

194

178

16

208

192

17

222

206

Table 4.2 A list of expected neutral losses for the aldehyde and Criegee product ions from OzID
of n-3, n-6 and n-9 methylene-interrupted polyunsaturated fatty acids.
class
n-3

n-6

n-9

db position

neutral loss
aldehyde

Criegee

3

26

10

6

66

50

9

106

90

12

146

130

15

186

170

18

226

210

6

68

52

9

108

92

12

148

132

15

188

172

18

228

212

9

110

94

12

150

134

15

190

174

OzID spectra presented within this chapter were acquired using trapping times of 10
seconds with a minimum of 50 scans. 10 seconds is the maximum trapping (activation)
time accessible using the operating software and was used to maximise the signal-tonoise ratio of the observed ozonolysis product ions. Acquiring 50 scans with a trapping
time of 10 seconds leads to an acquisition time of approximately 8.3 min (excluding the
time required to fill and scan the ion trap). This is a considerable length of time when
compared to acquiring a standard CID spectrum. In the interest of lower acquisition
times, trapping times and/or the number of scans can be decreased. Shown in Figure
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4.13 is the OzID spectrum of TAG(18:1/18:1/18) from olive oil acquired using a
trapping time of 30 ms. As expected, the ozonolysis product ions at m/z 797 and 813 are
of very low abundance when compared to the same spectrum acquired using a 10
second trapping time (Figure 4.12b). The signal-to-noise ratio, however, remains
excellent and therefore unambiguous assignment of double bond position is still
possible using the 30 ms trapping time. It is worthy to mention that 30 ms is also the
default activation time when performing CID on the LTQ ion-trap mass spectrometer
suggesting that the difference in acquisition times between OzID and CID need not be
so great. Faster OzID analysis times would improve the compatibility of OzID with
high-throughput lipidomic protocols and would also allow OzID to be used in
conjunction with high-performance liquid chromatography. Indeed, this has since been
demonstrated by Kozlowski et al. using a QTRAP mass spectrometer modified for
OzID [342].
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Figure 4.13 The OzID spectrum of the TAG(18:1/18:1/18:1) sodium adduct ion from a
commercial olive oil sample acquired using a trapping time of 30 ms. Sodium acetate was added
to the methanolic olive oil solution to form sodium adduct ions which are amenable to OzID
analysis.
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4.4 Methods

4.4.1 Materials and sample preparation

All phospholipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA)
and were used without further purification. The triacylglycerol standard 1,3dipalmitoyl-2-oleoylglycerol was purchased from Sigma-Aldrich (Castle Hill,
Australia). HPLC grade methanol and AR grade chloroform were purchased from
Crown Scientific (Sydney, NSW, Australia). Sodium acetate was purchased from APS
Chemicals (Sydney, NSW, Australia). Industrial grade compressed oxygen (purity
99.5%) and ultra high purity helium were obtained from BOC gases (Cringila, NSW,
Australia). Standard solutions of phospholipids were prepared in methanol at
concentrations of 1 to 10 μM. To aid the formation of sodium adducts in positive-ion
mode, 100 to 200 μM sodium acetate was added for the analysis of phosphocholinecontaining lipids. Cow kidney was collected from the Wollondilly Abattoir (NSW,
Australia) and the phospholipids extracted by homogenisation with chloroformmethanol (2:1 v/v with 0.01% butylated hydroxytoluene) by Dr. Jessica Nealon. Normal
human lenses were obtained from the Save Sight Institute (Sydney, Australia) and
human cataractous lenses from the K.T. Sheth Eye Hospital (Rajkot, India). Human lens
phospholipids were extracted with chloroform-methanol (2:1 v/v with 0.01% butylated
hydroxytoluene) after homogenisation under liquid nitrogen by Dr. Jane Deeley.
Phospholipid extracts were made to a concentration of approximately 40 μM in 2:1
methanol-chloroform for mass spectrometric analysis. Sodium adduct ions were
observed under standard ESI conditions and could be further enhanced by the addition
of 200 μM sodium acetate. Pure Spanish olive oil (Always Fresh) was obtained and
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diluted to approximately 2 mg/mL in methanol with 100 μM sodium acetate for analysis
by mass spectrometry.

4.4.2 Ozone generation

A HC-30 ozone generator (Ozone Solutions, Sioux Center, IA, USA) was used for the
production of ozone. Oxygen pressure was set to 20 psi and the ozone generator set to a
power output of 68 (arbitrary units). To produce high-concentration ozone, the oxygen
flow rate was set at 400-500 mL/min for 20-30 minutes before the flow rate was
decreased to between 30-40 mL/min for several minutes prior to ozone collection. The
ozone concentration of the resulting mixture was determined to be 12 % (v/v) in oxygen
by titrimetric analysis. This involved reacting of a known volume of the ozone/oxygen
mixture with acidified aqueous potassium iodide, then back titrating against sodium
thiosulfate in the presence of vitex indicator. The ozone/oxygen mixture was collected
in a 10 mL disposable plastic syringe (Livingstone) within a fume cupboard. Excess
ozone was destroyed by bubbling through an aqueous solution of sodium thiosulfate,
sodium iodide and Vitex indicator. Only ozone compatible materials were used. See
Figure 4.14 for a schematic of the setup used to collect high-concentration ozone for
OzID experiments.
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Figure 4.14 A schematic diagram of the setup used to collect high-concentration ozone. The
Dreschel bottle (“bubbler”) contains a solution of sodium thiosulfate and potassium iodide that
was used to destroy ozone before being released into a fume hood. High-concentration ozone
was collected by attaching a syringe to the T connector.

4.4.3 Instrumentation

OzID experiments were performed using a modified Thermo Finnigan LTQ ion-trap
mass spectrometer (San Jose, CA, USA). The instrument modification involved bypassing the splitter to make a direct connection between the helium supply and the ion
trap with the helium flow rate controlled using a Granville-Phillips Model 203 variable
leak valve (Boulder, CO, USA).
regulator

1/8" stainless
steel tubing

variable leak
valve

union tee
on-off
ball valve

PEEKsil
restriction PEEK
union

LTQ ion trap
mass spectrometer

helium cylinder
syringe pump with ozone
containing syringe

Figure 4.15 A schematic diagram of the modification to an LTQ ion-trap mass spectrometer for
OzID experiments.
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Ozone was introduced by attaching a plastic syringe containing ozone to a PEEKsil
tubing restrictor (100 mm L x 1/16” OD x 0.023 mm ID, SGE) connected to the helium
supply line via a shut-off ball valve and T-junction downstream of the metering flow
valve. Backing pressure was applied to the syringe using a syringe pump set to 25
μL/min. In the experiments, the helium flow rate was adjusted so that the ion gauge
pressure read approximately 0.8 x 10-5 Torr with the addition of oxygen and ozone (NB:
this may not be an accurate pressure reading since the ion gauge is calibrated for
helium). This was found to be the optimal conditions for mass accuracy, peak shape and
ion abundance.

PEEKsil
restriction
connected
to on-off
ball valve

Plastic syringe
containing high
concentration ozone

Syringe pump

Figure 4.16 A photograph of an ozone-containing syringe attached to the PEEKsil restrictor.
Through the PEEKsil restrictor, ozone was introduced into a flow of ultra high purity helium.
The flow of helium was controlled using a variable leak valve which was located inside the steel
box on the right hand side of the image.
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An isolation width of 2-3 Th (where Th is a unit for mass-to-charge ratio [343]) was
used to isolate the ion of interest and a trapping time of 10 seconds was used to generate
OzID spectra. For sodiated phosphatidylcholine ions, two isolation steps were found to
be useful in removing the [M+Na-59]+ collision-induced product ion from OzID
spectra. This was achieved using an isolation width of 2-3 Th (with an activation time of
30 ms), followed by an isolation at 10 Th with a trapping time of 10 seconds. In most
cases, at least 50 scans were acquired to obtain a sufficient signal-to-noise ratio. To
acquire MS spectra, the flow rate of helium was decreased using the metering valve to
obtain an ion gauge pressure of 0.5 x 10-5 Torr. This resulted in improved mass
accuracy and peak shape.

4.4.4 Safety precautions when using ozone

Ozone is a powerful oxidising agent and care must be taken when using ozone,
especially at high concentrations. Ozone is capable of reacting explosively with certain
compounds. Furthermore, ozonides and hydroperoxides can be produced from the
reaction of ozone with unsaturated organic compounds. Ozonides and hydroperoxides
formed from ozonolysis can decompose explosively. The inhalation of ozone causes
irritation and possible damage to the respiratory tract. Ozone also causes irritation to the
eyes. The odour of ozone is distinctive and detectable at low concentrations (0.02-0.05
ppm). The permissible exposure limit for ozone is 0.1 ppm (US Occupational Safety
and Health Administration [344]). The IDLH (Immediately Dangerous to Life and
Health) level is 5 ppm [345].
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It is recommended that an ozone monitor is acquired if working with ozone to measure
the ambient concentration of ozone. A simple method for leak detection is using a strip
of filter paper wet with a solution of potassium iodide. The presence of ozone will result
in a brown discolouration of the filter paper. When producing large quantities of ozone
it is also suggested that the ozone is destroyed before being released to the atmosphere.
Ozone can be destroyed by bubbling ozone though an aqueous solution of sodium
thiosulfate and potassium iodide with Vitex indicator (70 g of sodium thiosulfate, 5 g of
potassium iodide and Vitex indicator in approximately 600 mL of water). Ozone is
destroyed by reacting with thiosulfate and when the thiosulfate is totally consumed,
iodide is oxidized to iodine and the solution turns a dark brown/purple. When this
occurs, turn off the ozone generator immediately and purge the system with oxygen
before preparing a fresh solution of sodium thiosulfate with sodium iodide and Vitex.
Alternatively, commercially-available catalytic ozone destruct units may be used and
provide an efficient means to destroy ozone.
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Chapter 5 Assignment of fatty acid sn-position within
phosphatidylcholines by CID-OzID

5.1 Introduction

When applied to phospholipid analysis, most lipidomic methods only identify the
headgroup, fatty acid chain length and degree of unsaturation (See Section 2.3). This
leaves structural ambiguity with regards to the position and geometry of carbon-carbon
double bonds and the sn-position of fatty acid substituents on the glycerol backbone.
Within asymmetric phospholipids, that is phospholipids with two different fatty acid
substituents,

there

are

two

possible

positional

isomers.

For

example,

a

phosphatidylcholine with a palmitoyl (16:0) and an oleoyl (9Z-18:1) substituent has the
two possible positional isomers, namely; PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0). It has
long been established by enzymatic hydrolysis that short-chain saturated fatty acids are
found predominantly at the sn-1 position, whereas, long-chain unsaturated fatty acids
are found predominantly in the sn-2 position [346]. Asymmetric phospholipids
however, are usually present in vivo as a mixture of the two possible positional isomers
[72]. The relative positions of the two fatty acid substituents on the glycerol backbone
are very important to the biological roles of certain membrane phospholipids.
Phospholipase A1 and phospholipase A2 are two classes of enzymes involved in the
hydrolysis of fatty acids from the sn-1 and sn-2 positions, respectively. Therefore, the
identities of the sn-1 and sn-2 fatty acids are important to the biological functions of
these phospholipases. For example, cytosolic phospholipase A2-α is a phospholipase
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with specificity for arachidonic acid in the sn-2 position. Free arachidonic acid
produced from hydrolysis is used for eicosanoid production [347]. Furthermore,
eicosanoids can also be produced from eicosapentaenoic acid and dihomo-γ-linolenic
acid released from phospholipids by phospholipase A2 [74]. Specialised phospholipids
present within neuronal membranes are also hydrolysed by specific phospholipases to
participate in synaptic signalling [8].

The traditional method for assigning fatty acid sn-position for phospholipids involves
enzymatic hydrolysis using phospholipase A2 to yield the free sn-2 fatty acids and
lysophospholipids with only the sn-1 fatty acids remaining attached. Separation of the
free sn-2 fatty acids and lysophospholipid reaction products is then required, followed
by conversion of the reaction products to fatty acid methyl esters for GC-MS analysis
[346]. This method is time consuming, especially when applied to biological extracts
where prior chromatographic separation of individual phospholipids may be required.
Several mass spectrometric methods for determining fatty acid positions within
phospholipids, particularly phosphatidylcholine lipids, have been developed which
allow for rapid analysis. It has been demonstrated that the relative percentages of
mixtures of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) can be accurately measured using
the ratio of the sn-1 and sn-2 carboxylate anions in the CID spectra of [M-15]- ions
[348]. However, the ratio of sn-1 and sn-2 carboxylate anions is highly dependent on
collision energy [243]. Furthermore, the ratio of the sn-1 and sn-2 carboxylate anions is
affected by fatty acid chain length and degree of unsaturation [175] and therefore it may
not be possible to use the standard curve generated for PC(16:0/9Z-18:1)/PC(9Z18:1/16:0) mixtures to measure the relative percentages of other PC positional isomers.
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To overcome such limitations, Ekroos et al. demonstrated for PC [M-15]- ions that fatty
acid neutral loss as a ketene occurs almost exclusively from the sn-2 position regardless
of fatty acid chain length and degree of unsaturation [72]. In this study, the acetate or
chloride adducts of PC(16:0/18:1) and PC(18:1/16:0) were used to form [M-15]- ions
via CID which were further fragmented in an MS3 experiment using ion-trap mass
spectrometry (Figure 5.1). Ions corresponding to the neutral losses of the 16:0 and 18:1
fatty acids as ketenes were observed at m/z 506 and 480, respectively, giving
information on sn-position of the fatty acid substituents. Using the peak intensities of
the m/z 506 and 480 ions, a standard curve was constructed for mixtures of
PC(16:0/18:1) and PC(18:1/16:0) calibrated using a phospholipase A2 assay (Figure
5.1c). A key finding of this study was that synthetic phosphatidylcholine standards
obtained from a commercial supplier are typically mixtures of both possible snpositional isomers. This presents a challenge when demonstrating exclusivity of a
product ion to a particular isomer. For protonated ions of PC, product ions resulting
from the neutral loss of the fatty acid substituents are of low abundance. Despite this
weakness, CID of protonated ions has been used to assign fatty acid sn-position for PC
lipids of human erythrocytes, however, the relative percentages for mixtures of
positional isomers were not determined [155]. For the CID of alkali metal adduct ions
of PC, product ions resulting from the neutral loss of the sn-1 and sn-2 fatty acids are of
significantly greater abundance [249]. The neutral loss of the sn-1 fatty acid occurs
preferentially allowing assignment of the most abundant positional isomer while the
presence of significant amounts of the alternative isomer cannot be rigorously excluded.
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Presented in this chapter is a novel method for determining fatty acid sn-position within
PC lipids using CID in tandem with ozonolysis. It was previously demonstrated that
ozonolysis of ionised lipids can be used to determine double bond position within the
acyl chains of lipids (refer to Chapter 4). Interestingly, CID can introduce new double
bonds into product ions and therefore OzID can be used to interrogate the structure of
product ions. Here we show that by performing OzID on [M+Na-183]+ ions formed by
CID of phosphatidylcholine sodium adduct ions that a pair of ozonolysis product ions
are formed that indicate fatty acid sn-position. This sequential CID followed by OzID
we refer to as CID-OzID and can be used to gain more detailed structural information
than either CID or OzID alone.
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(Figure continued on next page)
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Figure 5.1 The MS3 spectra of the chloride adducts of a) PC(16:0/18:1) and b) PC(18:1/16:0)
and c) the standard curve for mixtures of the two regioisomers. The X-axis is the mole
percentage of PC(16:0/18:1) as determined using a phospholipase A2 assay while the Y-axis =
m/z 480 ion peak intensity/(m/z 480 ion peak intensity + m/z 506 ion peak intensity). The m/z
744 ion is the [M-15]- ion formed from the neutral loss of chloromethane from the PC chloride
adduct [247]. In the MS3 experiment, the loss of a fatty acid as a ketene from the [M-15]- ion
occurs almost exclusively from the sn-2 position. Neutral loss of the 18:1 fatty acid as a ketene
from PC(16:0/18:1) forms the m/z 480 ion whereas the neutral loss of the 16:0 fatty acid as a
ketene from PC(18:1/16:0) forms the m/z 506 ion. Figure adapted from reference [72].
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5.2 Results and discussion
5.2.1 Isotopic purity of the PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0)
standards

As previously mentioned, phospholipid standards are commonly mixtures of two snpositional isomers [72, 175]. It is therefore critical to determine the isomeric purity of
phospholipid standards when studying the effect of fatty acid sn-position. To determine
the isomeric purity of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) synthetic standards, the
MS3 method of Ekroos et al. was employed [72]. This entailed the infusion of
methanolic solutions of these standards in the negative-ion mode in the presence of 100
µM sodium acetate to form [M+CH3CO2]- ions. The [M+CH3CO2]- adduct ions gave
rise to [M-15]- ions upon MS2 and were subsequently isolated in the ion trap for MS3
analysis. The CID spectra for [M-15]- ions of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0)
from the MS3 experiments are shown in Figure 5.2. In these spectra, ions resulting from
the neutral loss of the 16:0 and 18:1 fatty acids as carboxylic acids (i.e. m/z 488 and
462, respectively) and as ketenes (i.e. m/z 506 and 480, respectively) are observed in
addition to the 16:0 and 18:1 carboxylate anions at m/z 255 and 281, respectively. The
presence of the m/z 480 and 506 ions in both MS3 spectra indicate the presence of
isomeric impurity since the ketene neutral loss is known to occur almost exclusively
from the sn-2 position (~99% of ketene neutral loss occurs from the sn-2 position [72]).
To determine whether the collision energy affects the ratio of the m/z 480 to 506 ions,
CID spectra were recorded using collision energies from 24 to 34 (normalised collision
energy). From this experiment it was found that the ratio was not dependent on collision
energy (data not included). Using the standard curve for PC(16:0/9Z-18:1) and PC(9Z258

18:1/16:0) mixtures established by Ekroos et el. [72] (Figure 5.1c), the percentage of
isomeric impurity was calculated. Both standards were found to contain significant
amounts of isomeric impurity with the PC(16:0/9Z-18:1) standard containing 20%
PC(9Z-18:1/16:0) and the PC(9Z-18:1/16:0) standard containing 10% PC(16:0/9Z18:1). Similar percentages of isomeric impurity have previously been reported for PC
standards [72, 175].
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(a)
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Figure 5.2 The MS3 spectra of the acetate adduct ions of a) PC(16:0/9Z-18:1) and b) PC(9Z18:1/16:0) synthetic standards. The m/z 744 ion corresponds to the [M-15]- ion and is formed
from the neutral loss of methyl acetate from the [M+OAc]- precursor ion upon MS2. In the MS3
experiment, fatty acid neutral loss as a ketene from the [M-15]- ion occurs almost exclusively
from the sn-2 position.
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5.2.2 CID-OzID of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0)

Shown in Figure 5.3(a) and (b) are the CID spectra of the sodium adduct ions of the
PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) standards, respectively. These data were
acquired using a linear ion-trap mass spectrometer with no ozone present. The most
abundant product ions in these spectra are observed at m/z 723, 599 and 577
corresponding to the neutral losses of trimethylamine (-59 Da), phosphocholine (-183
Da) and the phosphocholine sodium salt (-205 Da), respectively. This fragmentation
pattern has previously been observed for sodium adduct ions of PC generated by either
ESI or MALDI [164, 221]. In Figure 5.3(a) and (b), ions at m/z 441 and 467 are
magnified (x200) and result from the neutral loss of the 9Z-18:1 and 16:0 fatty acids
from the [M+Na-59]+ ion. It can been seen that the abundance of m/z 467 ion is greater
than that of the m/z 441 ion for PC(16:0/9Z-18:1) whereas the m/z 441 ion is of greater
abundance than the m/z 467 ion for PC(9Z-18:1/16:0). This is consistent with previous
studies which have found that the sn-1 fatty acid is lost preferentially for alkali metal
adduct ions [221, 249]. A key observation is that the ratio of the m/z 441 to 467 ions is
not strictly reversed for the positional isomers PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0)
with the normalised abundances of the m/z 441 and 467 ions being 25% and 75% for the
synthetic standard labelled PC(16:0/9Z-18:1) and 84% and 16% for that labelled PC(9Z18:1/16:0). This is most likely due to the higher percentage of isomeric impurity found
within the PC(16:0/9Z-18:1) synthetic standard as determined in Section 5.2.1. It is also
possible that differences in chain length and unsaturation between the 16:0 and 18:1
fatty acids may also have an effect but this was not investigated here.
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The CID spectra of the PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) sodium adduct ions
were also acquired in the presence of ozone on the same linear ion-trap mass
spectrometer (Figure 5.3c and d). This involved introducing-high concentration ozone
(12% v/v by titrimetric analysis) through a PEEKsil tubing restrictor (100 mm L x 1/16”
OD x 0.023 mm ID, SGE) connected to the helium supply line. This experimental setup
is the same as used in the OzID experiments described in Chapter 4. The spectra shown
in Figure 5.3(c) and (d) were acquired using the same activation time (30 ms) as those in
Figure 5.3(a) and (b), although a lower collision energy was required when
oxygen/ozone was present within the ion trap. Interestingly, the relative abundances of
the m/z 441, 467, 577 and 599 ions are greater for the CID spectra acquired in the
presence of ozone (Figure 5.3c and d) than for CID spectra acquired with only helium
(Figure 5.3a and b). This may be due to the presence of heavy molecules (i.e. ozone and
oxygen) in the buffer gas which will impart more collision energy than helium alone.
Significantly, several unique ions are also observed in the CID spectra acquired in the
presence of ozone; these include ions at m/z 379, 395, 405 and 421. Furthermore, the
relative abundances of the m/z 379 and 395 ions are greater in the CID spectrum of
PC(16:0/9Z-18:1) whereas the m/z 405 and 421 ions are more abundant for PC(9Z18:1/16:0). This information may allow the most abundant isomer to be determined
from the CID spectra acquired in the presence of ozone. The m/z 379, 395, 405 and 421
ions were hypothesised to be the result of ozonolysis chemistry. In Chapter 4, the OzID
spectrum of the PC(16:0/9Z-18:1) sodium adduct ion acquired using a trapping time of
10 seconds was presented and displayed two ozonolysis product ions at m/z 672 and 688
(Figure 4.2). Therefore, ozonolysis of the precursor m/z 782 ion does not account for the
m/z 379, 395, 405 and 421 ions. Furthermore, the characteristic neutral losses of 110
262

and 94 Da were not observed from the [M+Na-59]+, [M+Na-183]+ and [M-182]+ ions
for the ozonolysis of the n-9 double bond of the 9Z-18:1 substituent. This would suggest
that the unique m/z 379, 395, 405 and 421 ions arise via ozonolysis of a reactive CID
product ion. This is plausible since certain unimolecular dissociation mechanisms can
result in the formation of new carbon-carbon double bonds which may be reactive
towards ozone.
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(Figure continued on next page)
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[M+Na]+
(c)

(d)

[M+Na]+

Figure 5.3 The CID spectra of the sodium adduct ions of synthetic standards labelled a)
PC(16:0/9Z-18:1) and b) PC(9Z-18:1/16:0) acquired using a linear ion-trap mass spectrometer
with no ozone present. It can be seen that the ratio of the m/z 441 and 467 ions is reversed
between the sn-positional isomers. The CID spectra of the same c) PC(16:0/9Z-18:1) and d)
PC(9Z-18:1/16:0) samples acquired using a linear ion-trap mass spectrometer with ozone
present in the buffer gas. Ozonolysis product ions are observed at m/z 379, 405 and 421. CID
was performed using an activation time of 30 ms for all spectra.
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CID can be performed followed by OzID of a mass-selected product ion when ozone is
present within the linear ion trap. This sequential CID followed by ozonolysis of a
mass-selected product ion is referred to as CID-OzID. The utility of CID-OzID for
gaining additional structural information has previously been demonstrated by
performing OzID on a CID product ion with a lysoPE structure to determine the
position of an existing double bond on an ether-linked chain (see Section 4.2.5). In an
analogous approach, it was proposed that CID-OzID could be used to interrogate the
structures of CID product ions by indicating the presence and location of newly-formed
double bonds. CID-OzID was thus performed on all the major CID product ions arising
from the sodium adducts of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0). The m/z 723 ion
corresponding to [M+Na-59]+ ion showed the expected ozonolysis product ions from
the cleavage of the endogenous n-9 double bond analogous to the [M+Na]+ ion (Figure
4.2) but no additional reactivity (data not shown). Interestingly, the [M-182]+ was found
to be completely unreactive towards ozone with no ozonolysis reaction product ions
observed even for the endogenous n-9 double bond (data not shown). Conversely, the
[M+Na-183]+ ions at m/z 599 (see below) showed additional reactions with ozone.

The CID-OzID mass spectra of the [M+Na-183]+ ions for PC(16:0/9Z-18:1) and PC(9Z18:1/16:0) at m/z 599 are shown in Figure 5.4. To acquire these spectra, the precursor
[M+Na]+ ions were isolated and subjected to CID to form [M+Na-183]+ product ions.
These ions at m/z 599 were subsequently isolated and trapped for 5 seconds in the
presence of ozone. In both CID-OzID spectra, ozonolysis product ions are observed at
m/z 379, 395, 405 and 421 representing two pairs of ions from the ozonolysis of two
distinct reactive double bonds. It can be seen for the PC(16:0/9Z-18:1) isomer, however,
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that the sum of the abundance of the m/z 379 and 395 ions is greater than the m/z
405/421 ion pair. Conversely, the m/z 405 and 421 ions are of much greater abundance
than the m/z 379/395 ion pair in the CID-OzID spectrum of the standard enriched in the
sn-positional isomer PC(9Z-18:1/16:0). This result therefore demonstrates that the more
abundant isomer may be identified by CID-OzID from the ratio of these ion pairs.

Interestingly, the precursor [M+Na-183]+ ions were quantitatively converted into
ozonolysis products in the 5 second reaction time scale, i.e. none of the precursor m/z
599 ion remains in Figure 5.4(a) and (b). This is in stark contrast to the OzID of
glycerophospholipid and triacylglycerol ions discussed in the previous chapter, where
ozonolysis products were less than 10% abundance (relative to the precursor ion) in all
cases even when using a 10 second trapping time.

266

■
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∑ I291, 295,379,395,405,421
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■

[M+Na-183]+
●
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Figure 5.4 The CID-OzID spectra of the [M+Na-183]+ ions at m/z 599 from a) PC(16:0/9Z18:1) and b) PC(9Z-18:1/16:0). In this experiment, the [M+Na]+ ion at m/z 782 was subjected to
CID to form the [M+Na-183]+ product ion at m/z 599. The m/z 599 product ion was then
isolated and trapped in the presence of ozone for 5 seconds. The ■ symbol indicates ozonolysis
product ions arising from PC(16:0/9Z-18:1) and the ● symbol indicates the ozonolysis product
ions arising from PC(9Z-18:1/16:0).

To rationalise the ozonolysis product ions observed in the CID-OzID spectra of the
[M+Na-183]+ ions, it is important to consider the unimolecular dissociation mechanisms
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of the precursor ion. Two mechanisms have previously been proposed for the formation
of the [M+Na-183]+ ion from PC sodium adduct ions. Both of these proposed
mechanisms first involve the neutral loss of trimethylamine via an SN2 substitution
reaction (Scheme 5.1 and Scheme 5.2) but differ in the mechanism for the neutral loss of
O,O'-dimethylenephosphoric acid. It was originally proposed that the loss of O,O'dimethylenephosphoric acid resulted from an elimination mechanism involving a
glycerol backbone hydrogen (Scheme 5.1) [162, 164, 248, 349]. This reaction
mechanism results in the formation of a new carbon-carbon double bond in the glycerol
backbone of the phospholipid. The aldehyde and Criegee ions from the CID-OzID of
the [M+Na-183]+ ion from Scheme 5.1 would be expected at m/z 601 and 617
corresponding to the neutral gains of 2 and 18 Da as for an n-1 double bond (Table 4.1).
These ions were not observed and therefore the CID-OzID spectra of the [M+Na-183]+
ions do not support the CID mechanism shown in Scheme 5.1.
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Scheme 5.1 The mechanism first proposed for the formation of the [M+Na-183]+ product ion
following CID of the sodium adduct of PC(16:0/9Z-18:1) [162, 164, 248, 349]. The second step
is an elimination reaction involving a glycerol backbone hydrogen.
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Hsu and Turk later showed that where both fatty acid substituents are isotopically
labelled, deuterium from a fatty acyl chain is lost with the O,O'-dimethylenephosphoric
acid (rather than a glycerol backbone hydrogen as expected from Scheme 5.1) [249].
Furthermore, using selectively deuterium-labelled analogues, the site of abstraction was
further refined to the position α to the carbonyl group of one or both acyl chains [249].
This disproved the original elimination mechanism in favour of a substitution
mechanism involving the α-hydrogens of the fatty acid substituents. In the alternative
mechanism proposed by Hsu and Turk, the carbonyl oxygen of either the sn-2 or sn-1
fatty acid substituents attacks the glycerol carbon adjacent to the phosphate group.
Deprotonation of the α-carbon of the fatty acid substituent by the departing anion then
forms a carbon-carbon double bond with two vinylic oxygen atoms on the fatty acid
acyl chain (Scheme 5.2). The involvement of the sn-2 fatty acid substituent in the
nucleophilic substitution reaction results in the formation of a five-membered ring
known as a 2-alkenyl-[1,3]dioxolane (Scheme 5.2a). Conversely, nucleophilic
substitution involving the sn-1 fatty acid results in the formation of six-membered ring
known as a 2-alkenyl-[1,3]dioxane (Scheme 5.2b).
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Scheme 5.2 The proposed mechanism for the neutral loss of the elements of phosphocholine
following CID of the [PC(16:0/9Z-18:1)+Na]+ ion involving the a) sn-2 and b) sn-1 fatty acid
substituents where the sn-1 and sn-2 fatty acids are palmitic and oleic acid, respectively. This
mechanism was initially proposed by Hsu and Turk for the formation of the analogous [M+Li183]+ product ion from PC lithium adducts [249].

The [M+Na-183]+ product ions from Scheme 5.2(a) and (b) formed from the 16:0 fatty
acid substituent would effectively have an n-15 double bond formed during the
fragmentation process. Conversely, the [M+Na-183]+ product ions formed from the 9Z18:1 fatty acid substituent would have a CID-formed n-17 double bond in addition to
the native n-9 double bond. OzID of an n-15 double bond would be expected to result in
ozonolysis product ions corresponding to neutral losses of 194 and 178 Da (see Table
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4.1). The [M+Na-183]+ product ions from PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) have
mass-to-charge ratios of 599 and consequently the neutral losses of 194 and 178 Da
would correspond to ozonolysis product ions at m/z 405 and 421, respectively. On the
other hand, OzID of an n-17 double bond formed from the monounsaturated 9Z-18:1
fatty acid substituent would be expected to result in neutral losses of 220 and 204 Da.
These neutral losses would correspond to the formation of ozonolysis product ions at
m/z 379 and 395, respectively. The m/z 379, 395, 405 and 421 ions are the main
ozonolysis products observed in the CID-OzID spectra of the [M+Na-183]+ ions of
PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) (Figure 5.4). The observation of the m/z 379,
395, 405 and 421 ions thus supports the substitution mechanisms shown in Scheme 5.2
for the formation of [M+Na-183]+ product ions.

In the CID-OzID spectrum of the [M+Na-183]+ ion of the PC(16:0/9Z-18:1) synthetic
standard at m/z 599, the m/z 379 and 395 ions are of greater abundance than the m/z 405
and 421 ions (Figure 5.4a). The opposite is observed for the [M+Na-183]+ ion of the
positional isomer synthetic standard, PC(9Z-18:1/16:0), where the m/z 405 and 421 ions
are of greater abundance than the m/z 379 and 395 ions (Figure 5.4b). This would
suggest that the substitution mechanism involving the sn-2 fatty acid substituent
(Scheme 5.2a) is preferred over the substitution mechanism involving the sn-1 fatty acid
(Scheme 5.2b); this is also supported by deuterium labelling experiments [249]. From
Section 5.2.1, 20% and 10% isomeric impurity were measured for the PC(16:0/9Z-18:1)
and PC(9Z-18:1/16:0) standards, respectively. Therefore, the presence of isomeric
impurity in both standards will contribute to the perceived involvement of the sn-1 fatty
acid (as in Scheme 5.2b). Shown in Figure 5.4, the m/z 379, 395 and 291 ozonolysis
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product ions are assigned to the PC(16:0/9Z-18:1) isomer whereas the m/z 405, 421 and
295 ozonolysis product ions are assigned to the PC(9Z-18:1/16:0). For the PC(16:0/9Z18:1) synthetic standard, 18% of the ozonolysis product ions came from the cleavage of
an activated double bond formed from the 9Z-18:1 fatty acid (∑Im/z405,421,295/∑Im/z
291,295,379,395,405,421).

Interestingly, this is in-line with the 20% isomeric impurity

measured for the PC(16:0/9Z-18:1) standard suggesting that the neutral loss of
phosphocholine is driven primarily, if not exclusively, by the sn-2 fatty acid. For the
PC(9Z-18:1/16:0) standard however, only 4% of the ozonolysis product ions came from
the cleavage of an activated double bond formed from the 9Z-18:1 fatty acid
(∑Im/z379,395,291/∑Im/z 291,295,379,395,405,421). This is considerably less than the 10% isomeric
impurity determined by MS3 of the [M-15]- anion. The reason for this is unknown;
however, one possible explanation is that the 10% isomeric impurity determined from
the Ekroos MS3 method is inaccurate. More likely however is a competing dissociation
channel exists for one isomer during the CID-OzID process (e.g., loss of the sodium
cation from the ozonolysis products of one isomer). Despite this discrepancy, these data
still support the notion that the loss of phosphocholine is driven by the sn-2 fatty acid
substituent since the percentage of ozonolysis product ions owing to the cleavage of the
18:1 acyl chain at m/z 379 and 395 is less than the percentage of isomeric impurity in
the PC(9Z-18:1/16:0) standard.

Ions at m/z 291, 295 and 614 are also observed in the CID-OzID spectra of the [M+Na183]+ ions of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) (Figure 5.4). The m/z 291 ion
observed in the CID-OzID spectrum of the [M+Na-183]+ ion of PC(16:0/9Z-18:1)
(Figure 5.4a) is proposed to be the sodium adduct of the Criegee product from the
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ozonolysis of the 2-alkenyl-[1,3]dioxolane moiety formed from the 9Z-18:1 fatty acid
(Scheme 5.4). In Figure 5.4(b), the Criegee product sodium adduct ion of the 16:0 fatty
acid is not observed. This may be attributed to the lower sodium affinity of the saturated
16:0 fatty acid. The m/z 295 ion observed in the CID-OzID spectrum of the [M+Na183]+ ion of PC(9Z-18:1/16:0) at m/z 599 (Figure 5.4b) is rationalised as a secondary
ozonolysis product ion resulting from cleavage of the n-9 double bond of the m/z 405
ozonolysis product ion (i.e. a 110 Da neutral loss, see Table 4.1). The m/z 614
corresponds to the neutral gain of 15 Da. An addition of 15 Da is difficult to rationalise,
however, the m/z 614 ion is represented by a broad peak and proved difficult to isolate
using an isolation width of 1-3 Th (data not shown). This suggests that the m/z 614 ion
undergoes facile unimolecular dissociation upon ion ejection leading to an erroneous
measurement of the mass-to-charge ratio. Similar behaviour was previously observed
for the ozonide of the PC(16:0/9Z-18:1) sodium adduct ion (Section 4.2.1). Therefore, it
is proposed that the m/z 614 ion results from the addition of a single oxygen atom to the
[M+Na-183]+ precursor ion and has an actual m/z of 615. The addition of an oxygen
atom from ozone to the [M+Na-183]+ precursor ion may result in an epoxide at the site
of the reactive carbon-carbon double bond as proposed in Scheme 5.3.
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Scheme 5.3 The proposed mechanisms for the addition of an oxygen atom from ozone to the
[M+Na-183]+ ion resulting in the formation of an epoxide. The [M+Na-183]+ ion is formed
from the CID of PC(16:0/9Z-18:1).
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The proposed CID-OzID mechanism for the [M+Na-183]+ ion of PC(16:0/9Z-18:1) is
shown in Scheme 5.4. In this mechanism, the 2-alkenyl-[1,3]dioxolane formed by CID
reacts with ozone to form a primary ozonide. The ozonide then dissociates to form
either a carbonyl or carbonyl oxide on the dioxolane ring as would be expected in a
typical OzID experiment (see Chapter 4). This results in the formation of the m/z 379
and 395 ozonolysis product ions. The sodium ion is not fixed leading to the formation
of an ion of m/z 291 where the carbonyl oxide of the 18:1 acyl chain carries the charged
group. The formation of two ozonolysis product ions from the same dissociation
channel of the primary ozonide was not previously observed for phospholipid and
triacylglycerol lipid ions (see Chapter 4).
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Scheme 5.4 The proposed mechanism for the CID-OzID of the [M+Na-183]+ ion of
PC(16:0/9Z-18:1). The 2-alkenyl-[1,3]dioxolane structure is formed from CID and reacts with
ozone to form the m/z 291, 379 and 395 ozonolysis product ions. The carbonyl oxide structures
shown for the m/z 291 and 395 ozonolysis product ions may undergo rearrangement reactions to
form isomeric structures. The structures of these ions, however, have not been characterised.
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A potential benefit of CID-OzID over the CID of PC sodium adduct ions for assigning
fatty acid sn-position is sensitivity. Under normal operating conditions, the CID of the
[PC(16:0/9Z-18:1)+Na]+ ion yielded a base peak at m/z 723 with an intensity of 1 x 105.
Ions indicative of fatty acid sn-position, however, are of low abundance with the
[M+Na-59-16:0]+ ion at m/z 467 being observed at an intensity of 5 x 102. Conversely,
when CID of the [PC(16:0/9Z-18:1)+Na]+ ion was performed under OzID conditions
(i.e. in the presence of ozone and oxygen), the intensity of the m/z 723 ion was 6 x 103.
This is lower than observed in normal operating mode as adding oxygen and ozone to
the helium bath gas adversely affects instrument performance. However, when the
[M+Na-183]+ ion of PC(16:0/9Z-18:1) was trapped and reacted with ozone in a CIDOzID experiment (Figure 5.4a), a near quantitative yield of structurally-informative
ozonolysis product ions was observed with the m/z 379 ion (see Scheme 5.4) having an
intensity of 3 x 103. The intensity of the m/z 379 ozonolysis product ion in the CIDOzID spectrum is therefore nearly an order of magnitude greater than the [M+Na-5916:0]+ ion at m/z 467 in the CID spectrum of PC(16:0/9Z-18:1). This suggests that CIDOzID may be more sensitive than CID of sodium adduct ions for assigning fatty acid snposition on the glycerol backbone.

5.2.3 Application to lipid extracts

The results presented for the PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) standards
demonstrated that CID-OzID provides a sensitive method to assign the most abundant
sn-positional isomer. The experimental conditions for CID-OzID are identical to OzID
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and therefore both methods may be applied consecutively. This would allow the rapid
acquisition of information regarding both double bond position and fatty acid snposition. To test the utility of this approach, OzID and CID-OzID were applied to two
lipid samples derived from tissue of both bovine brain and human lens

5.2.3.1 Bovine brain lipid extract

Shown in Figure 5.5(a) is the positive-ion ESI-MS spectrum of a bovine brain lipid
extract with sodium acetate added to aid sodium adduct formation. In this spectrum, an
abundant ion at m/z 782 is observed corresponding to the sodium adduct of PC(34:1)
and the CID spectrum of this ion is shown in Figure 5.5(b). Ions arising from the neutral
loss of 59 and 183 Da are consistent with a sodium adduct of a phosphocholine
containing phospholipid while ions at m/z 441 and 467 identify the fatty acid
substituents as 16:0 and 18:1. Furthermore, the greater abundance of the m/z 467 ion
relative to the 441 ion allows PC(16:0/18:1) to be assigned as the most abundant isomer.
This is consistent with the notion that unsaturated fatty acids are predominately
esterified at the sn-2 position. An OzID spectrum was acquired for the m/z 782 ion to
assign the double bond position within the 18:1 fatty acid (Figure 5.5c). In the OzID
spectrum, four abundant ozonolysis products are observed at m/z 672, 688, 700 and 716
indicating the presence of two different double bond positions. The m/z 672 and 688
ions represent neutral losses of 110 and 94 Da and thus indicate the presence of an n-9
double bond (see Chapter 4). The m/z 700 and 716 ions are 28 Da greater in mass than
the m/z 672 and 688 ions, respectively, indicative of the presence of an n-7 isomer. The
greater abundance of ozonolysis product ions resulting from n-9 double bond cleavage
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suggest that the 18:1 n-9 fatty acid is more abundant than the 18:1 n-7 fatty acid. This is
consistent with the results of Couture and Hulbert where 18:1 n-9 was found to be more
abundant than 18:1 n-7 in bovine brain phospholipids [350]. Due to the absence of
suitable standards, however, the relative percentages of the 18:1 n-9 and 18:1 n-7 fatty
acids could not be calculated. This is because the reaction rate for ozonolysis may be
influenced by double bond position.

PC(34:1)
(a)

(Figure continued on next page)
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Figure 5.5 a) The ESI-MS spectrum of a bovine brain extract in 2:1 methanol: chloroform with
sodium acetate added to aid sodium adduct formation. The sodium adduct of PC(34:1) was
observed at m/z 782 and was the most abundant ion in the MS spectrum. b) The CID spectrum
of the m/z 782 ion. c) The OzID spectrum of the sodium adduct ion of PC(34:1) at m/z 782
using a trapping time of 10 seconds.

The CID-OzID spectrum of the [M+Na-183]+ ion of PC(34:1) at m/z 599 ion is shown
in Figure 5.6 and displays ozonolysis product ions at m/z 379, 395, 405 and 421. The
m/z 379 and 395 ions were previously rationalised to be the result of ozonolysis of the
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2-alkenyl-[1,3]dioxolane moiety formed from the 18:1 fatty acid (Scheme 5.4).
Conversely, the m/z 405 and 421 ions are proposed to be the result of ozonolysis of the
2-alkenyl-[1,3]dioxolane moiety formed from the 16:0 fatty acid. Therefore, the
presence of both ion pairs in the CID-OzID spectrum indicate the presence of both
PC(16:0/18:1) and PC(18:1/16:0) isomers within the cow brain extract. The relative
abundance of the m/z 405 ion in the CID-OzID spectrum of PC(34:1) from the bovine
brain sample is approximately 40% of the base peak at m/z 379. This is significantly
higher than for the PC(16:0/9Z-18:1) standard where the relative abundance of the m/z
405 ion was approximately 20%. The PC(16:0/9Z-18:1) standard was previously found
to contain 20% PC(9Z-18:1/16:0) (see Section 5.2.1). The higher abundance of the m/z
405 and 421 ions in the CID-OzID spectrum of bovine brain PC(34:1) compared to the
PC(16:0/9Z-18:1) standard would therefore suggest that the percentage of the
PC(18:1/16:0) isomer in the bovine brain sample was greater than 20%. A calibration
curve was made in an attempt to quantify the relative percentages of PC(16:0/9Z-18:1)
and PC(9Z-18:1/16:0) in lipid mixtures (data not shown). Unfortunately, the calibration
curve was non-linear, possibly due to competing CID-OzID processes (e.g. sodium ion
loss from the ozonolysis products of one isomer). Therefore, this calibration curve was
not used for quantification.
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Figure 5.6 The CID-OzID spectrum of the [M+Na-183]+ ion of PC(34:1) from bovine brain. In
this experiment, the [M+Na]+ ion of PC(34:1) was fragmented by CID and the m/z 599 ion was
isolated and allowed to react with ozone for 5 s. The m/z 379 and 395 ions are indicative of a 2alkenyl-[1,3]dioxolane formed from the 18:1 fatty acid whereas the m/z 405 and 421 ions are
indicative of a 2-vinyl-[1,3]dioxolane formed from the 16:0 fatty acid. The ■ and ● symbols
indicate ozonolysis product ions arising from PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0),
respectively.

As a result of the two different fatty acid positions and two double bond positions, four
isomers are possible; these are PC(16:0/9Z-18:1), PC(16:0/11Z-18:1), PC(9Z-18:1/16:0)
and PC(11Z-18:1/16:0), where double bond geometry is assumed to be cis. Whether all
these isomers are present is not clear from these data as it may be, for example, that the
11Z-18:1 fatty acid is located only at the sn-1 or sn-2 position. Ozonolysis was therefore
preformed on the m/z 405 ion in a CID-OzID-OzID experiment. In this experiment, the
m/z 599 ion from the CID of the [PC(34:1)+Na]+ ion was reacted with ozone for 1 s.
This resulted in the formation of the m/z 405 ion from the ozonolysis of the 2-alkenyl[1,3]dioxolane moiety formed from the 16:0 fatty acid. The m/z 405 ion therefore
contains the 18:1 fatty acid substituent located at the sn-1 position since the neutral loss
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of phosphocholine is driven primarily by the sn-2 fatty acid. The CID-OzID-OzID
spectrum of the m/z 405 ion is shown in Figure 5.7 and displays ozonolysis product ions
at m/z 295 and 323. These two ions represent the neutral losses of 110 and 82 Da
consistent with the aldehyde ions from the ozonolysis of an n-9 and n-7 double bond,
respectively (see Table 4.1). Furthermore, the relative abundances of the n-9 and n-7
ozonolysis product ions are similar in the OzID (Figure 5.5c) and CID-OzID-OzID
spectra (Figure 5.7) suggesting a shared distribution of the 9Z-18:1 and 11Z-18:1 fatty
acids between the sn-1 and sn-2 positions. Therefore, it appears that PC(16:0/9Z-18:1),
PC(16:0/11Z-18:1), PC(9Z-18:1/16:0) and PC(11Z-18:1/16:0) are all present within the
cow brain extract. PC(16:0/18:1) is more abundant than PC(18:1/16:0) and the 9Z-18:1
fatty acid is more abundant than the 11Z-18:1 fatty acid. This suggests that PC(16:0/9Z18:1) is the most abundant isomer whereas PC(11Z-18:1/16:0) is the least abundant.
Unfortunately, the double bond position for the sn-2 18:1 fatty acid, corresponding to
the m/z 291 ion in Figure 5.6 (see Scheme 5.4), could not be determined by CID-OzIDOzID since the m/z 291 ion was unreactive towards ozone (data not shown).
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Figure 5.7 The CID-OzID-OzID spectrum of the m/z 405 ion from bovine brain PC(34:1). In
this experiment the [PC(34:1)+Na]+ ion was subjected to CID and the [M+Na-183]+ ion was
isolated and allowed to react with ozone for 1 second. The ozonolysis product ion of m/z 405
was then isolated for OzID using a trapping time of 10 seconds. The ions at m/z 295 and 323 are
the aldehyde ions from the ozonolysis of an n-9 and n-7 double bond, respectively.

5.2.3.2 Human lens lipid extract

Shown in Figure 5.8(a) is the positive-ion ESI-MS spectrum of a human lens extract
prepared with 200 μM NaOAc to aid the formation of sodium adduct ions. The two
most abundant ions in this spectrum are observed at m/z 727 and 837 and correspond to
the sodium adducts of lipids previously assigned as DHSM(d18:0/16:0) and
DHSM(d18:0/24:1), respectively [76]. The most abundant phosphatidylcholine is
PC(34:1) and is observed as a sodium adduct ion at m/z 782. The CID spectrum of the
m/z 782 ion is shown in Figure 5.8(b) and ions are observed at m/z 723 and 599
corresponding to the neutral losses of 59 and 183 characteristic of phosphatidylcholine
sodium adducts. Ions at m/z 441, 467, 500 and 526 are also observed identifying the
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fatty acid substituents as 18:1 and 16:0. The m/z 467 ion is more abundant than the m/z
441 ion suggesting that PC(16:0/18:1) is the most abundant PC(34:1) isomer. The OzID
spectrum of the PC(34:1) sodium adduct ion was acquired and is shown in Figure
5.8(c). In this spectrum, ozonolysis products ions are observed at m/z 672, 688, 700 and
716 indicative of both n-9 and n-7 isomers of 18:1 as observed for the bovine brain
[PC(34:1)+Na]+ ion (Figure 5.5c). Furthermore, since the m/z 672 and 688 ions are
more abundant than the m/z 700 and 716 ions it may be suggested that the n-9 fatty acid
is more abundant than the n-7 isomer. The relative percentages of the 18:1 n-9 and 18:1
n-7 fatty acids, however, could not be determined due to the lack of suitable standards
and possible differences in the reaction rates between the n-9 and n-7 position. When
comparing the OzID spectrum of the human lens PC(34:1) (Figure 5.8c) to the OzID
spectrum of PC(34:1) from the bovine brain sample (Figure 5.5c), it can be seen that the
ozonolysis product ions formed from n-7 double bond cleavage are less abundant in the
human lens OzID spectrum. This would suggest that the ratio of 18:1 n-7 to 18:1 n-9 is
less in the human lens PC(34:1).

(a)

PC(34:1)

(Figure continued on next page)
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Figure 5.8 a) The positive-ion ESI-MS spectrum of a human lens extract prepared with 200 μM
sodium acetate to aid the formation of sodium adduct ions. The sodium adduct of PC(34:1) is
observed at m/z 782. The b) CID spectrum and c) OzID of the PC(34:1) sodium adduct. The MS
and CID spectra were acquired in normal operating mode.

A CID-OzID spectrum for the [M+Na-183]+ ion of PC(34:1) at m/z 599 was acquired to
determine the most abundant sn-positional isomer (Figure 5.9). In this spectrum, ions
are observed at m/z 379, 395, 405 and 421 suggesting the presence of both
PC(16:0/18:1) and PC(18:1/16:0). Interestingly, the relative abundance of the m/z 405
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ozonolysis product ion was approximately 10%. This is significantly less than observed
in the CID-OzID spectra of PC(34:1) from bovine brain (Figure 5.6) and the
PC(16:0/9Z-18:1) standard (Figure 5.4a) suggesting the presence of PC(18:1/16:0) at
only very low abundance.
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Figure 5.9 The CID-OzID spectrum of the [M+Na-183]+ ion at m/z 599 ion from human lens
PC(34:1) acquired using a 5 second trapping time. The ■ and ● symbols indicate ozonolysis
product ions arising from PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0), respectively.

Taken together the CID, OzID and CID-OzID spectra show that PC(34:1) consists of
both the PC(16:0/18:1) and PC(18:1/16:0) isomers and n-9 and n-7 18:1 isomers. This
gives rise to four possible isomers (assuming that the double bond geometry is cis),
these are; PC(16:0/9Z-18:1), PC(16:0/11Z-18:1), PC(9Z-18:1/16:0) and PC(11Z18:1/16:0). Whether all these possible isomers are present within the human lens extract
is not clear from the spectra presented above. Shown in Figure 5.10 is the CID-OzIDOzID spectrum of the m/z 405 ion resulting from the ozonolysis of the m/z 599 CID
product ion of PC(34:1). The m/z 405 ion has the 18:1 fatty acid in the sn-1 position
since the neutral loss of phosphocholine is driven primarily by the sn-2 fatty acid. In the
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CID-OzID-OzID spectrum, two ozonolysis products are observed at m/z 295 and 323.
These ions represent the neutral losses of 110 and 82 Da corresponding to the aldehyde
ions from the ozonolysis of an n-9 and n-7 double bond, respectively. Interestingly, the
m/z 323 ion is only slightly less abundant than the m/z 295 ion. This is significantly
different to the OzID spectrum (Figure 5.5c) where ozonolysis products from n-7
double bond cleavage were relatively minor. This may imply that the 18:1 n-7 fatty acid
is enriched at the sn-1 position. This is interesting since ether phospholipids with n-7
double bonds on the sn-1 ether chain were identified within the human lens (see Section
4.2.5) [351]. This may suggest a common biochemical pathway or that PC(11Z18:1/16:0) is a precursor to these ether phospholipids.
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Figure 5.10 The CID-OzID-OzID spectrum of the m/z 405 ion formed from the ozonolysis of
the [M+Na-183]+ product ion of PC(34:1) from a human lens lipid extract. This ion has the 18:1
fatty acid substituent in the sn-1 position. To acquire this spectrum, the PC(34:1) sodium adduct
ion was subjected to CID. The [M+Na-183]+ ion was then isolated and reacted with ozone using
a trapping time 5 seconds. To generate the required CID-OzID-OzID spectrum, the m/z 405
ozonolysis product ion was then subjected to OzID using a trapping time of 10 seconds.
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From a qualitative analysis of the OzID and CID-OzID data of the human lens
PC(34:1), it can be assumed that PC(16:0/9Z-18:1) is more abundant than PC(16:0/11Z18:1) and that PC(9Z-18:1/16:0) is more abundant than PC(11Z-18:1/16:0). The results
for bovine brain PC(34:1) are similar due to the presence of four isomers; PC(16:0/9Z18:1), PC(16:0/11Z-18:1), PC(9Z-18:1/16:0) and PC(11Z-18:1/16:0). In both tissues,
PC(16:0/9Z-18:1) was found to be the most abundant isomer. This is expected as the
18:1 n-9 fatty acid is the most abundant 18:1 positional isomer and unsaturated fatty
acids are predominately found in the sn-2 position. In both tissues, however, significant
amounts of both 18:1 n-7 and PC(18:1/16:0) were found. Interestingly, within the
human lens the 18:1 n-7 fatty acid appeared to be enriched in the sn-1 position.

5.3 Conclusion

The [M+Na-183]+ product ion arising from the CID of PC sodium adduct ions was
found to be highly reactive towards ozone. The observed ozonolysis product ions
provide further evidence against the elimination reaction mechanism originally
proposed for the formation of this product ion [162, 164, 248, 349] and support the
substitution mechanism later proposed by Hsu and Turk [249]. The substitution
mechanism could in theory be driven by either the sn-1 or sn-2 fatty acid. When taking
into account the presence of isomeric impurities in the PC(16:0/9Z-18:1) and PC(9Z18:1/16:0) standards, it would appear that the neutral loss of phosphocholine is driven
primarily, if not exclusively, by the sn-2 fatty acid. This therefore allows the positions
of the fatty acid substituents on the glycerol backbone to be assigned by CID-OzID.
Isomerically pure phospholipid standards are required to validate the notion that the
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neutral loss of phosphocholine is driven exclusively by the sn-2 fatty acid. If it is not
possible to acquire pure synthetic phospholipid standards, on-line HPLC separation of
sn-positional isomers [352] may be another approach to acquire isomerically pure
phospholipids for CID-OzID analysis. Detailed understanding on the neutral loss of
phosphocholine is required to accurately quantitate the relative percentages of snpositional isomers using this approach.

CID-OzID was found to complement the data provided by conventional OzID and CID.
Using this approach it is possible to assign 1) phospholipid class, 2) fatty acid chain
length and degree of unsaturation, 3) position of double bonds for unsaturated fatty acid
substituents and 4) fatty acid sn-position. Furthermore, by implementing a CID-OzIDOzID experiment, the double bond position(s) for the sn-1 unsaturated fatty acid could
be determined. This provides a high level of structural detail and only leaves ambiguity
regarding double geometry and double bond assignment on the sn-2 acyl chain.

Interestingly, the [M+Li]+ ions of other glycerophospholipid classes have been
demonstrated to form the analogous [M+Li-183]+ product ions when subjected to CID
[250]. This would suggest that the sodium adducts of other glycerophospholipid classes
would fragment to form [M+Na-phosphoheadgroup]+ ions with the 2-alkenyl[1,3]dioxolane moiety. Therefore, it may be possible to apply CID-OzID to assign fatty
acid sn-position in other glycerophospholipid classes. Furthermore, it may be possible
to quantitate the relative percentage of each isomer using the ratio of ozonolysis product
ions assigned to the two different sn-positional isomers. Such an approach consistently
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applied across the classes may provide a powerful new means to track isomerisation and
molecular diversity across the phospholipidome.

5.4 Methods
5.4.1 Materials and sample preparation

The phosphatidylcholine standards, PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0), were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and were used without further
purification. HPLC grade methanol, AR grade chloroform and AR grade sodium acetate
were purchased from APS Chemicals (Sydney, Australia). Industrial grade compressed
oxygen (purity 99.5%) and ultra high purity helium were obtained from BOC gases
(Cringila, Australia). Standard solutions of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0)
were prepared in methanol at concentrations of 1 μM with 100 to 200 μM sodium
acetate to aid sodium adduct ion formation in positive-ion mode and acetate adduct ions
in negative-ion mode. Bovine brain was collected from the Wollondilly Abattoir (NSW,
Australia) and the phospholipids extracted by homogenisation with chloroformmethanol (2:1 v/v with 0.01% butylated hydroxytoluene) by Dr. Jessica Nealon. The
bovine brain lipid extract was made to approximately 40 μM in 2:1 methanolchloroform with the addition 200 μM sodium acetate to aid the formation of sodium and
acetate adducts. A normal human lens from a 36 year old female was obtained from the
Save Sight Institute (Sydney, Australia) after approval by the human research ethics
committee at the University of Wollongong (HE 99/001). Human lens phospholipids
were

extracted

with

chloroform-methanol

(2:1

v/v

with

0.01%

butylated
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hydroxytoluene) after homogenisation under liquid nitrogen by Dr. Jessica Nealon.
Phospholipid extracts were diluted in methanol with 200 μM sodium acetate for mass
spectrometric analysis.

5.4.2 Ozone generation

A HC-30 ozone generator (Ozone Solutions, Sioux Center, Iowa, USA) was used for the
production of ozone. Oxygen pressure was set to 20 psi and the ozone generator set to a
power output of 68 (arbitrary units). To produce high concentration ozone, the oxygen
flow rate was set at 400-500 mL/min for 20-30 minutes before the flow rate was
decreased to between 20-40 mL/min for several minutes prior to ozone collection. The
resulting ozone/oxygen mixture (12% v/v by titrimetric analysis) was collected in a 10
mL disposable, ozone-resistant plastic syringe in a fume cupboard. Excess ozone was
destroyed by bubbling through an aqueous solution of sodium thiosulfate, sodium
iodide and vitex indicator. Only ozone compatible materials were used.

5.4.3 Instrumentation

CID-OzID experiments were performed using a modified Thermo Finnigan LTQ iontrap mass spectrometer (San Jose, CA) (see Section 4.4.3 for additional details). The
instrument modification involved by-passing the helium splitter to make a direct
connection between the helium supply and the ion trap with the helium flow rate
controlled using a metering flow valve. Ozone was introduced by attaching a plastic
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syringe containing ozone to a PEEKsil tubing restrictor (100 mm L x 1/16” OD x 0.025
mm ID, SGE) connected to the helium supply line via a shut-off ball valve and Tjunction downstream of the metering flow valve. Backing pressure was applied to the
syringe using a syringe pump set to between 20 and 40 μL/min. In the experiments, the
helium flow rate was adjusted so that the ion gauge pressure read approximately 0.8 x
10-5 Torr with the addition of oxygen and ozone (although this may not be an accurate
pressure reading since the ion gauge is calibrated for helium). This measured manifold
pressure corresponds to an estimated total pressure of 2.5 mTorr within the ion trap and
was found to provide optimal performance in mass accuracy, peak shape and ion
abundance. CID-OzID spectra were generated by isolating the PC [M+Na]+ ions using
an isolation width of 3 Th and performing CID to generate the [M+Na-183]+ product
ion. The [M+Na-183]+ ion was then isolated at a isolation width of 3-5 Th and reacted
with ozone using a trapping time of 5 s. To acquire CID-OzID-OzID spectra, another
OzID step was introduced where the m/z 405 ozonolysis product ion was isolated and
reacted with ozone using a trapping time of 10 s.

To acquire MS3 spectra of the PC acetate adduct ions, the instrument was operated in
normal mode without the addition of ozone/oxygen into the helium flow line. The
[M+OAc]- ion was fragmented by CID to form the [M-15]- ion using a collision energy
of 27. To generate the required MS3 spectra, the [M-15]- ion was then isolated and
fragmented using a collision energy of 28.

291

Chapter 6 Conclusion

The molecular structure of lipids dictates to their biological function and, as a result,
techniques are required for the comprehensive characterisation of lipid structures. The
rise of electrospray ionisation (ESI) greatly enhanced the utility of mass spectrometry
for lipid analysis. Within a typical ESI-MS spectrum of a lipid mixture, the masses for
individual lipids can be determined and this in itself can provide important
compositional information. However, when ESI is used in conjunction with collisioninduced dissociation, information regarding fatty acid chain length and degree of
unsaturation can be determined for intact, complex lipids such as phospholipids and
triacylglycerols. Furthermore, CID also allows the most abundant sn-positional isomer
to be assigned, and in certain cases, quantitation of sn-positional isomers is possible [72,
348]. A major limitation of CID, however, is that double bond position typically cannot
be determined. This is important since fatty acid isomers differing only in double bond
position are common in nature and can have distinct biological functions. Several mass
spectrometric methods have been developed that allow double bond position to be
determined within phospholipids and triacylglycerols; these methods include double
bond derivatisations [296, 297], MSn of lithium ion adducts [252, 283], APCACI (for
TAGs) [308] and to a limited extent, high-energy CID [161, 289]. Unfortunately, double
bond derivatisation requires extra sample preparation which is not desirable in highthroughput lipidomic analyses. Furthermore, determining double bond position via the
MSn of lithium adduct ions is complicated and requires the infusion of the lipid extract
with a lithium salt. It is therefore important to develop mass spectrometric methods
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which are more compatible with standard CID-based methods for the elucidation of
lipid structure.

In this thesis, the invention of two distinct on-line methods utilising ozonolysis in
conjunction with mass spectrometry were presented. The first of these two methods
(described in Chapter 3) involves performing ozonolysis within an electrospray ion
source and is termed ozone electrospray ionisation-mass spectrometry (OzESI-MS). In
this method, ozone reacts with lipid carbon-carbon double bonds resulting in the
formation of two ozonolysis product ions that allow unambiguous assignment of double
bond position. For OzESI-MS, the two dominant ozonolysis product ions were
characterised

as

an

aldehyde

and

α-methoxyhydroperoxide;

where

the

α-

methoxyhydroperoxide results from the participation of methanol, the electrospray
solvent, in the ozonolysis reaction. It was demonstrated that OzESI-MS may be initiated
either by forming a corona discharge at the electrospray capillary in an atmosphere of
oxygen or by using an ozone/oxygen mixture from an external ozone generator as the
desolvation gas. The corona discharge OzESI-MS technique has the advantage that a
dedicated ozone generator is not required. Unfortunately however, a decrease in signal
intensity was observed with the onset of a corona discharge. Moreover, a stable ozoneproducing corona discharge could not be formed in positive-ion mode limiting the
corona discharge OzESI-MS approach to the analysis of lipid anions. Conversely, when
an external ozone generator was used for the production of ozone, no decrease in signal
intensity was observed and OzESI-MS could be applied in both negative and positive
ion modes. For these reasons, OzESI-MS using externally-produced ozone is the
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preferred technique, provided controls are in place to limit exposure of the analyst to
ozone. OzESI-MS was applied to a wide range of lipid standards including
glycerophospholipids, sphingomyelins and triacylglycerols. In all cases, ozonolysis
product ions were observed that located double bond position. This suggests that
OzESI-MS would be suitable for determining double bond position within isolated
lipids of unknown structure. Lipids are, however, commonly analysed by mass
spectrometry as mixtures directly infused into the electrospray ionisation source and as
such OzESI-MS was applied to several lipid mixtures to assess the usefulness of this
approach. For a human lens lipid extract, double bond position was determined for two
isomers of DHSM(24:1) and a possible third isomer was also identified. The human
lens is quite unusual in that the prevalence of unsaturated lipids is comparatively low.
For lipid extracts with greater abundances of unsaturated lipids, difficulties were
encountered due to the inability to assign ozonolysis product ions to their respective
precursor ions. Furthermore, ozonolysis product ions may be isobaric with unreacted
lipid ions present within the OzESI-MS spectrum making it difficult to identify
ozonolysis product ions. Although untested, it is possible that the use of accurate-mass
spectrometry may help resolve ozonolysis product ions from nominally isobaric lipid
ions. For example, the aldehyde ozonolysis product ion of PC(16:0/9Z-18:1) sodium
adduct has an exact m/z of 672.4211 whereas an unreacted PS(12:0/9Z-14:1) sodium
adduct has an exact m/z of 672.3847. Alternatively, it may also be possible to use
OzESI-MS in conjunction with on-line liquid chromatography (LC) to separate lipids
prior to ionisation and ozonolysis. If successful, LC-OzESI-MS could be applied to
complex lipid mixtures provided chromatographic separation of molecular lipids was
achieved. Such an approach is analogous to the method of ambient ozonolysis after thin294

layer chromatography (TLC) recently reported by Ellis et al. [353]. In this method,
complex lipid mixtures are separated by TLC and then allowed to react with ambient
ozone. Precursor lipids and their ozonolysis products are then detected directly from the
TLC plate by desorption electrospray ionisation-mass spectrometry; importantly,
precursor lipids and their ozonolysis products are found at the same location [353].

To transcend the forementioned difficulties encountered with the direct OzESI-MS of
complex mixtures, an alternative method was developed; whereby mass-selected lipid
ions were reacted with ozone in the ion trapping region of an ion-trap mass
spectrometer. We refer to this method as ozone-induced dissociation (OzID) (described
in Chapter 4). Instrument modifications were required to perform ion-molecule
reactions between ozone and ionised lipids within an ion-trap mass spectrometer. These
modifications involved by-passing the splitter to make a direct connection between the
helium supply and the ion trap with the helium flow rate controlled using a variable leak
valve. High-concentration ozone within a plastic syringe was introduced into the flow of
helium via a PEEKsil restriction with backing pressure applied using a syringe pump.
Unsaturated lipid ions formed by electrospray ionisation were isolated and trapped for
up to 10 seconds in the presence of ozone. Ozonolysis at the site of carbon-carbon
double bonds resulted in the formation of two primary ozonolysis product ions, namely
an aldehyde and a so-called Criegee ion. This differs from OzESI-MS where an αmethoxyhydroperoxide ozonolysis product ion was observed in place of the Criegee ion.
This occurs since methanol is not present within the ion trap and therefore the Criegee
intermediate, or rearrangements thereof, are observed in OzID experiments. OzID was
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applied to a wide range of lipid ions including; the deprotonated ions of the acidic
phospholipid classes; protonated, lithiated and sodiated ions of PC; and sodium adducts
of triacylglycerols. As expected, the observed ozonolysis product ions allow the
unambiguous assignment of double bond position in all cases. The major strength of
OzID over OzESI-MS is that complications do not arise when applying OzID to lipids
from complex biological mixtures. This is evidenced by the successful assignment of
double bond position within several polyunsaturated phospholipids from a cow kidney
lipid extract with successful analysis in negative and positive ion modes. Furthermore,
three positional isomers of DHSM(24:1) were identified within a human lens lipid
extract. This particular example highlights the large diversity in lipid structure which is
typically not revealed in standard CID-based lipidomics.

Ion-trap mass spectrometers are capable of performing MSn experiments and therefore it
is possible to perform CID prior to OzID in a so-called CID-OzID experiment. In the
unsaturated ether phosphatidylethanolamine, PE(18:1e/18:1), both n-9 and n-7 double
bond positions were identified by OzID. In this scenario, the n-9 and n-7 double bond
positions could not be assigned to either the ether or ester-linked chains by OzID alone.
Therefore, CID was conducted to form a product ion with the PE(18:1e/0:0) structure
from the neutral loss of the 18:1 fatty acid as a ketene. When this CID product ion was
trapped in the presence of ozone, ozonolysis product ions characteristic of an n-7 double
bond on the ether-linked chain were observed. This led to the structural assignment of
PE(11Z-18:1e/9Z-18:1) where the n-9 double bond was assigned to the ester-linked
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chain. This result demonstrates that OzID, when used in conjunction with CID, can be
used to assign unique double bond positions to different sn-positions.

CID can also introduce new carbon-carbon double bonds into product ions. It was
proposed that using CID-OzID could allow the presence and location of new carboncarbon double bonds introduced by CID to be identified. Experiments were conducted
focusing on the [M+Na-183]+ product ions formed from the CID of PC sodium adducts.
Two mechanisms have previously been proposed for the formation of [M+Na-183]+
ions; 1) an elimination mechanism involving the glycerol backbone hydrogens and 2) a
substitution mechanism involving the α-hydrogens of the fatty acid substituents.
Interestingly, the observed ozonolysis product ions from the CID-OzID of [M+Na-183]+
ions supported the substitution mechanism providing further supporting evidence for the
mechanism proposed by Hsu and Turk [249]. This demonstrates that CID-OzID may be
a useful tool to probe unimolecular dissociation mechanisms. CID-OzID was performed
on the [M+Na-183]+ ions of PC(16:0/9Z-18:1) and PC(9Z-18:1/16:0) and showed
striking differences between these two isomers. This result suggests that CID-OzID may
be used to gain information on fatty acid sn-position. Significantly, CID-OzID was
found to be potentially more sensitive than the CID of [PC+Na]+ ions for assigning fatty
acid sn-position. This is evidenced by the greater abundance of diagnostic ions in the
CID-OzID spectrum of PC(16:0/9Z-18:1) when compared to the abundance of
diagnostic ions in the CID spectrum of the [PC(16:0/9Z-18:1)+Na]+ ion. More work is
required, however, to assess the quantitative accuracy of CID-OzID for measuring the
relative percentages of sn-positional isomers.
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The major limitations of OzID when performed as presented in Chapter 4 relate to the
low yields of ozonolysis products. This means that long trapping and acquisition times
are required to achieve OzID spectra with an adequate signal-to-noise ratio. Moreover,
determining double bond position(s) for lipids of low abundance is not possible due to
difficulties in detecting ozonolysis product ions. To increase the reaction rate for
ozonolysis under OzID conditions, the partial pressure of ozone could be increased.
Unfortunately, the linear ion trap used for OzID experiment serves as both a reaction
vessel and mass analyser. Therefore, increasing the amount of the ozone/oxygen
mixture in the ion trap to increase the reaction rate also has the effect of decreasing
resolution, mass accuracy and sensitivity; since the instrument is optimised to work with
helium as the buffer gas. By separating the mass-selection, ozonolysis and mass analysis
steps in space rather than in time as performed in the linear ion-trap mass spectrometer,
it is theoretically possible to increase the partial pressure of ozone, thus increasing the
speed of analysis, without affecting instrument performance. This principle has since
been demonstrated on a mass spectrometer of triple quadrupole geometry utilising a
collision cell with ion trapping capabilities [354]. In fact, in this embodiment of OzID, a
30-fold increase in speed and sensitivity was achieved. Furthermore, ozone for OzID
was produced on-line meaning that a stable ozone concentration could be maintained
within q2. This allowed the reactivity of a range of isomeric lipids to be studied
including double bond positional isomers, cis/trans isomers and sn-positional isomers.
Significant differences in reaction rate were observed in all cases. For example, n-9
lipids were found to be more reactive than n-12 lipids and [PC(16:0/9Z-18:1)+Na]+
more reactive than [PC(9Z-18:1/16:0)+Na]+. Interestingly, lipids possessing a trans
double bond were found to be more reactive than their corresponding cis isomer.
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Moreover, subtle but reproducible differences in the aldehyde/Criegee ion branching
ratio were observed between these stereoisomers. This suggests that determining double
bond geometry may also be possible by OzID. Recently, OzID has also been extended
to conjugated linoleic acid methyl esters which were found to form unique radical
ozonolysis product ions [355]. These conjugated fatty acid methyl esters were also
found to react as much as 200 times faster than their respective methylene-interrupted
fatty acid methyl ester. This greater reactivity allowed the use of conventional neutral
loss scans to be performed using OzID since trapping of ions in q2 was not required
[355].

The development of OzESI-MS and OzID represents a significant advance in the
structural characterisation of lipids. For isolated unknown lipids, OzESI-MS should
provide a rapid means to identify double bond position. The OzID method is, however,
vastly superior to OzESI-MS since double bond position may be determined for
individual lipids within complex mixtures without the necessity of prior fractionation.
Furthermore, by using CID-OzID it is possible to assign double bond positions to
specific chains and also gain information on fatty acid sn-position as in the case of PC
sodium adduct ions. Therefore, the complementary use of CID, OzID and CID-OzID
provides a comprehensive identification of lipid structure and only leaves ambiguity in
the geometry of carbon-carbon double bonds. In summary, a comparison is provided in
Table 6.1 for the OzESI-MS and OzID methods with the lithium adduct ion MSn and
atmospheric pressure acetonitrile covalent adduct chemical ionisation (APCACI)
methods for determining double bond position.
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Table 6.1 A comparison of the OzESI-MS, OzID, lithium adduct ion MSn and atmospheric
pressure acetonitrile covalent adduct chemical ionisation (APCACI) methods for determining
double bond position.

No off-line
chemistry
Suitable for
phospholipids
and TAGs
Compatible with
conventional ESIMS/MS methods
for lipid
identification
Lack of
competing
dissociation
channels

OzESI-MS
(Chapter 3)

OzID
(Chapter 4)

Lithium adduct
ion MSn
(Section 2.4.3)

APCACI
(Section 2.4.5)








 - For TAGs







 - For
phospholipids

 - For PC lipids




 - For acidic
phospholipids











 - for free fatty
Compatible with
HPLC



Instrument
modification not
required



*

acids



 - for complex
lipids






* OzID as presented within this thesis is not compatible with HPLC. Instrument modifications
to a QTRAP mass spectrometer, as described in reference [354], have since permitted the
coupling of on-line HPLC and OzID analysis.

When comparing OzESI-MS, OzID, lithium adduct ion MSn and APCACI, it can be
seen that all four methods do not require off-line chemistry (Table 6.1). This is desirable
as it reduces sample preparation time. The four methods are all suitable for the analysis
of TAGs, however, APCACI is not suitable for the analysis of phospholipids; unlike
OzESI-MS, OzID and lithium adduct ion MSn (Table 6.1). This is perhaps the most
significant disadvantage of the APCACI method considering the importance of
phospholipids in biological systems.
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Ideally, a method for double bond determination should be compatible with existing
CID approaches for lipid structural characterisation. This is the case for OzESI-MS and
OzID where lipid [M-H]-, [M+H]+ and [M+alkali metal]+ ions are suitable for analysis
by these methods (Table 6.1). In addition, PC and TAG lipids are commonly analysed
as lithium adduct ions and are thus readily amenable to double bond position
determination by MSn (Table 6.1). Conversely, acidic phospholipids are often analysed
in negative ion mode as deprotonated ions and their analysis in positive ion mode as
lithium adduct ions does not integrate with some standard lipidomics protocols. Since
APCACI utilises atmospheric pressure chemical ionisation and not electrospray
ionisation, APCACI is obviously not compatible with standard ESI-MS/MS approaches
for TAG characterisation. It is important to note, however, that APCACI provides
information on the identity of fatty acid substituents and their sn-positions, in addition
to providing information on double bond position. As a result, APCACI may be used
for the total characterisation of TAGs without the complementary use of ESI-MS/MS.
With regards to data analysis, both OzESI-MS and OzID give rise to two primary
ozonolysis product ions, allowing the unambiguous assignment of double bond position.
The lack of competing dissociation channels is not shared by the lithium adduct ion
MSn and APCACI methods (Table 6.1). This complicates data interpretation;
nevertheless, the observed fragmentation for both techniques is predictable thus
allowing assignment of double bond position within unknowns without reference to
authentic standards.

Speed of analysis is also an important consideration, especially if the method for double
bond position determination is to be used in a high-throughput lipidomics protocol or in
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conjunction with on-line HPLC. OzESI-MS spectra are recorded at the same scan
speeds as conventional ESI-MS spectra; therefore, OzESI-MS spectra may be recorded
on a HPLC time scale (although this has yet to be demonstrated). APCACI requires
performing CID on covalent adduct ions and therefore requires the same time as
standard ESI-MS/MS and is compatible with on-line HPLC (Table 6.1). Conversely,
lithium adduct ion MSn requires substantial signal averaging and is therefore not
compatible with on-line HPLC (Table 6.1). This is also true for OzID where ozonolysis
product ions are typically of low abundance. Moreover, trapping times of up to 10
seconds were used for OzID spectra presented within this thesis. For these reasons, the
OzID method, as presented within this thesis, is not compatible with on-line HPLC
(Table 6.1). Further development of OzID, via the modification of a QTRAP mass
spectrometer [354], has allowed analysis times to be decreased to a level where OzID is
now compatible with on-line HPLC.

The major drawback with OzID is that instrument modifications are required for the
introduction of ozone into the mass spectrometer’s ion trapping region. In actuality
however, this requirement allows for the development of instrumentation specifically
for OzID analysis; which could in turn lead to the commercialisation of the OzID
method. For this reason, the OzID method has been patented both in Australia
(Application No. 2007902993) and the US (Patent No. 7,771,943 and 8,242,439). In
addition, a partnership has been formed between the University of Wollongong and AB
Sciex whereby AB Sciex has an exclusive licence to the OzID technology. Furthermore,
the development of specialised software could allow the automated identification of
double bond position based on characteristic neutral losses. In addition, if such a
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program were to ingest both CID and OzID data, near complete structural assignments
could be made for individual molecular lipids present within complex lipid samples.
This automated approach would provide the most comprehensive measurement of lipid
diversity and could, for example, further enhance our capabilities to detect changes in
the lipidome in response to disease states.
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